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ABSTRACT 


New  chemical  compositions  and  physical  constructions  of  ablative  materials 
were  exposed  in  a  small  scale,  high  temperature  Aeronutronic  solid  propel¬ 
lant  rocket  motor  simulator  and  a  liquid  propellant  (nitrogen  tetroxide  - 
50  percent  hydrazine  and  50  percent  unsymmetrical  dimethylhydrazine) 
combustion  gas  environment  to  determine  the  potential  usefulness  of  these 
materials  for  hyperenvironmental  conditions  ^^?:.ated  with  current  and 
future  solid  and  liquid  propellant  motors. 

Material  erosion  and  thermal  insulation  characteristics  of  the  research 
nozzles  were  evaluated  by  comparisons  of  chamber  pressure  versus  time  data, 
erosion  and  resin  degradation  rates,  and  visual  photographic  data. 

This  document  is  the  second  yearly  summary  technical  report  covering  test 
series  four  and  five,  which  included  forty-nine  (49)  research  nozzle 
specimens.  Thirty  (30)  research  nozzle  specimens,  comprising  test  series 
4,  were  exposed  to  the  exhaust  environment  of  a  simulated  solid  propellant 
having  a  flame  temperature  of  5800°F  and  being  highly  aluminized.  Nine¬ 
teen  (19)  nozzles,  comprising  test  series  5,  were  exposed  to  Lhe  exhaust 
environment  of  a  storable  liquid  propellant  rocket  motor  that  utilizes 
nitrogen  tetroxide  and  the  50-50  hydrazine  mixture. 

Test  results  and  spe'^men  evaluations  from  test  series  4  indicated  that 
the  Aeronutronic  solid  propellant  simulator  exhjust  environment  provided 
the  specified  exhaust  environment  with  the  required  repeatable  test 
screening  characteristics  to  enable  valid  material  evaluations. 

Test  results  from  test  series  5  indicated  that  the  specified  nominal  test 
conditions  were  met  and  enabled  valid  material  evaluation. 

Calculations  determining  the  nozzle  throat  heat  flux  for  both  the  liquid 
and  solid  propellant  exhaust  environments  are  presented  for  further 
comparison  and  evaluation. 


iii 


SECTION 


PAGE 


INTRODUCTION 


SOLID  PROPELLANT  COMBUSTION  GAS  SIMULATION  TESTS  .  2 

General  Discussion  .  ,  .  2 

The  Aeronutronic  Solid  Propellant  Combustion  Gas 

Simulator  ...... .  3 

Propellant  System  Characterisation  .  6 

Test  Conditions . *  .  .  .  . .  8 

Check  Run  Performance  ...........  .  9 

Test  Evaluation  Techniques  . . .  .  9 

Nozzle  Post  Test  Sectioning  and  Photographic  Methods  .  .  10 

Check  Run  Performance.  . .  11 

Test  Operation  Conditions,  .  .  .  . .  12 

Nozzle  Specimen  Tests.  . . 13 

Materials  Evaluation  .  . .  14 

LIQUID  PROPELLANT  COMBUSTION  GAS  TESTS  .  ,  .  17 

General  Discussion  .  ...........  .  17 

Liquid  Propellant  Rocket  Motor,  Propellant  Feed  Systems, 

Controls  and  Instrumentation  .  18 

Test  Conditions . 19 

Test  Evaluation  Techniques  .....  .  19 

Test  Operation  Conditions  .  21 

Materials  Evaluation  .  22 


APPENDICES 

HEAT  TRANSFER  STUDY 


REFERENCES 


160 


nfM?"*** 


•  fta.  - 


LIST  OF  ILLUSTRATIONS 


FIGURE  PAGE 

1  Aer^t-nermochemical  Laboratory  Test  Cells  6  and  7.  .  .  .  42 

2  ATC  Test  Cell  6  Control  Room .  43 

3  Test  Simulator  Firing . . .  44 

4  Solid  Propellant  Simulator  Rocket  Motor  Injector  - 

Wright  Field  Nozzle  Test  (Copper) . .  .  .  . .  45 

5  Solid  Propellant  Simulator  Rocket  Motor  Hardware .  46 

6  Typical  Test  Nozzle  Specimen  Schematic . ,  47 

7  Solid  Propellant  Simulated  Rocket  Motor  Test  Cell 

Schematic  .  ,  . . .  . . .  ,  .»  ..  . .  48 


8 

ASD 

Nozzle 

00 
i A 

-  Chamber 

Pressure 

vs 

Time  «  •»  •  -*  •  .*  .# 

49 

9 

ASD 

Nozzle 

464 

-  Chamber 

Pressure 

vs 

Time  .  ..  . . 

50 

10 

ASD 

Nozzle 

469 

-  Chamber 

Pressure 

vs 

Time  ..  ......... 

51 

11 

ASD 

Nozzle 

470 

-  Chamber 

Pressure 

vs 

Time  ....... 

52 

12 

ASD 

Nozzle 

4S1 

-  Chamber 

Pressure 

vs 

Time  •  ,*  .• 

53 

13 

ASD 

Nozzle 

506 

-  Chamber 

Pressure 

vs 

Time  ....... 

54 

14 

ASD 

Nozzle 

508 

-  Chamber 

Pressure 

vs 

Time  .  . . 

55 

15 

ASD 

Nozzle 

510 

-  Chamber 

Pressure 

vs 

Time . . 

56 

v 


LIST  OF  ILLUSTRATIONS  (Continued) 


FIGURE  PAGE 

16  ASD  Nozzle  511  -  Chamber  Pressure  vs  Time .  57 

17  ASD  Nozzle  512  -  Chamber  Pressure  vs  Time  .......  58 

18  ASD  Nozzle  5.13  -  Chamber  Pressure  vs  Time  .  .  59 

19  ASD  Nozzle  521  -  Chamber  Pressure  vs  Time .  60 

2Q  ASD  Nozzle  523  -  Chamber  Pressure  vs  Time  ........  61 

21  ASD  Nozzle  529  -  Chamber  Pressure  vs  Time .  62 

22  ASD  Nozzle  530  -  Chamber  Pressure  vs  Time . .  .  .  .  63 

23  ASD  Nozzle  531  -  Chamber  Pressure  vs  Time .  64 

24  ASD  Nozzle  532  -  Chamber  Pressure  vs  Time . . .  65 

25  ASD  Nozzle  533  -  Chamber  Pressure  vs  Time  .  66 

.26  ASD  Nozzle  534  -  Chamber  Pressure  vs  Time . .  .  67 

27  ASD  Nozzle  536  -  Chamber  Pressure  vs  Time  ..  68 

21  ASD  Nozzle  537  -  Chamber  Pressure  vs  Time .  69 

29  ASD  Nozzle.  538  -  Chamber  Pressure  vs  Time  .......  70 

30  ASD  Nozzle  539  -  Chamber  Pressure  vs  Time  .......  7) 

31  ASD  Nozzle  540  -  Chamber  Pressure  vs  Time  .......  7.2 

32  ASD  Nozzle  542  -  Chamber  Pressure  vs  Time . .  73 

33  ASD  Nozzle  543  -  Chamber  Pressure  vs  Time  .......  74 

34  ASD  Nozzle  544  -  Chamber  Pressure  vs  Time . .  75 

35  ASD  Nozzle  545  -  Chamber  Pressure  vs  Time .  76 

36  ASD  Nozzle  546  -  Chamber  Pressure  vs  Time  ........  77 

37  ASD  Nozzle  547  -  Chamber  Pressure  vs  Time . .  78 


LIST  OF  ILLUSTRATION?  (Continued) 


FIGURE 

38  Erosion  Rate  versus  Nozzle  Number,  Test  Series  No.  4 

Solid  Propellant  Simulator  .  ....... 

39  Erosion  Rate  Comparison,  Test  Series  4,  Solid 

Propellant  Simulator  . 

40  Profile  and  Axial.  Nozzle  Photographs  -  ASD  458  .... 

41  Profile  and  Axial  Nozzle  Photographs  -  ASD  469  &  470  .. 

42  Profile  and  Axial  Nozzle  Photographs  -  ASD  491  &  506  . 

43  Profile  and  Axial  Nozzle  Photographs  -  ASD  508  &  510  . 

44  Profile  and  Axial  Nozzle  Photographs  -  ASD  511  &  512  . 

45  Profile  and  Axial  Nozzle  Photographs  -  ASD  513  &  521  . 

46  Profile  and  Axial  Nozzle  Photographs  -  ASD  523  &  529  . 

47  Profile  and  Axial  Nozzle  Photographs  -  ASD  530  &  53i  . 

48  Profile  and  Axial  Nozzle  Photographs  -  ASD  532  &  533  . 

49  Profile  and  Axial  Nozzle  Photographs  -  ASD  534  &  536 

50  Profile  and  Axial  Nozzle  Photographs  -  ASD  537  &  538  . 

51  Profile  and  Axial  Nozzle  Photographs  -  ASD  539  &  540  , 

52  Profile  and  Axial  Nozzle  Photographs  -  ASD  542  &  543  . 

53  Profiel  and  Axial  Nozzle  Photographs  -  ASD  544  &  545  . 

54  Profile  and  Axial  Nozzle  Photographs  ~  ASD  546  &  547  . 

55  Average  Control  Nozzle  Chamber  Pressure  vs  Time  .  .  . 

56  Test- tc-Test  Propellant  Flowrate  Variation  from 

NoinxTiai  Condition . 

57  Test-*  to -Test  Propellant  Flowrat'’  Variation  from 

Nominal  Condition  . . . . . 


PAGE 

79 

80 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 
S3 

94 

95 

96 

97 

98 

99 

100 


vii 


LIST  OF  ILLUSTRATIONS  (Continued) 

FIGURE  PAGE 

58  Test-to-Test  Propellant  Flowrate  Variation  from 

Nominal  Condition  .....  .  101 

59  Aeronutronic  El  Toro  Test  Site .  102 

60  Control  Complex  at  El  Toro . .  103 

61  Aeronutronic  Remote  Test  Site  -  Test  Cell  B  -  NTO/50-50 

Ablative  Nozzle  Test  Firing  .  104 

62  N£0^  -  Aerozine  Injector  -  Wright  Field  Nozzle  Test  i 

(Stainless) .  105 

63  El  Toro  Cell  B  Schematic  -  Wright  Field  Ablative  Nozzle 

Test  Series .  106 

64  Theoretical  C*  versus  Mixture  Ratio  N„0, /50%  N?H, -50% 

UDMH  Propellant  at  300  psia  Chamber  Pressure. .  107 

65  Nozzle  ASD  454  -  Chamber  Pressure  versus  Time .  108 

66  Nozzle  ASD  474  -  Chamber  Pressure  versus  Time .  109 

67  Nozzle  ASD  548  -  Chamber  Pressure  versus  Time  .  110 

63  Nozzle  ASD  549  -  Chamber  Pressure  versus  Time  .  Ill 

69  Nozzle  ASD  550  -  Chamber  Pressure  versus  Time  .  112 

70  Nozzle  ASD  551  -  Chamber  Pressure  versus  Time .  113 

71  Nozzle  ASD  552  -  Chamber  Pressure  versus  Time .  114 

72  Nozzle  ASD  553  -  Chamber  Pressure  versus  Time .  115 

73  Nozzle  ASD  554  -  Chamber  Pressure  versus  Time .  116 

74  Nozzle  ASD  556  -  Chamber  Pressure  versus  Time .  117 

75  Nozzle  ASD  557  -  chamber  Pressure  versus  lime  .....  118 

76  Nozzle  ASD  558  -  Chamber  Pressure  versus  Time  .....  118 

77  Nozzle  ASD  559  -  Chamber  Pressure  versus  Time .  120 


viii 


LIST  OF  ILLUSTRATIONS  (Continued) 

FIGURE  PAGE 

78  Nozzle  ASD  561  -  Chamber  Pressure  versus  Time .  121 

79  Nozzle  ASD  562  -  Chamber  Pressure  versus  Time .  122 

80  Nozzle  ASD  566  -  Chamber  Pressure  versus  Time .  123 

81  Nozzle  ASD  567  -  Chamber  Pressure  versus  Time .  124 

82  Nozzle  ASD  570  -  Chamber  Pressure  versus  Time .  125 

83  Nozzle  ASD  571  -  Chamber  Pre*-  *ure  versus  Time .  126 

84  Erosion  Rate  Versus  Nozzle  Number,  Test  Series  No.  5, 

Liquid  Propellant . 127 

85  Erosion  Rate  Comparison,  Test  Series  5,  Liquid 

Propellant . 128 

86  Profile  and  Axial  Nozzle  Photographs  -  ASD  454  &  474.  .  130 

87  Profile  and  Axial  Nozzle  Photographs  -  ASD  548  &  549.  ,  131 

88  Profile  and  Axial  Nozzle  Photographs  -  ASD  550  &  551.  .  132 

89  Profile  and  Axial  Nozzle  Photographs  -  ASD  552  &  553.  .  133 

90  Profile  and  Axial  Nozzle  Photographs  -  ASD  554  &  556.  .  134 

91  Profile  and  Axial  Nozzle  Photographs  -  ASD  557  &  558.  .  135 

92  Profile  and  Axial  Nozzle  Photographs  -  ASD  559  &  561.  ,  136 

93  Profile  and  Axial  Nozzle  Photographs  -  ASD  562  &  566.  .  137 

94  Profile  and  Axial  Nozzle  Photographs  -  ASD  567  &  577.  .  138 

95  Profile  and  Axial  Nozzle  Photographs  -  ASD  571 .  139 

96  Test-to-Test  Propellant  Flowrate  Variation  from 

Nominal  Condition . 140 

97  ASD  Nozzle  409  -  Chamber  Pressure  versus  Time .  141 

98  Nozzle  Geometry  Used  in  Heat  Transfer  Calculations.  .  .  153 


ix 


LIST  OF  ILLUSTRATIONS  (Continued) 


FIGURE 

PAGE 

99 

Enthalpy  versus  Temperature  of  Solid  Propellant 
Combustion  Products  at  Throat  Static  Pressure  ..... 

154 

100 

Throat  Boundary  Layer  Average  Specific  Heat  at  Constant 
Pressure  for  Simulated  Aluminized  Solid  Propellant.  .  . 

155  . 

101 

No  Blowing  Throat  Convective  Heat  Transfer  Coefficient 
for  Simulated  Aluminized  Solid  Propellant  . 

156 

102 

Throat  Boundary  Layer  Average  Specific  Heat  at  C  -fstant 
Pressure  for  N20^/50-50  UDMH  Liquid  Propellant  .... 

157 

103 

No  Blowing  Throat  Convective  Heat  Transfer  Coefficient 
for  N204/50%  Hydrazine  -  50%  -  O/F  ~  1.6 

158 

104 

No  Blowing  Convective  Heat  Transfer  Coefficient 
Dependence  on  Chamber  Pressure.  .  . 

159 

LIST  OF  TABLES 

TABLE  PAGE 

IA  Description  of  Test  Specimens  Ablative  Nozzle 

Chrracterization  .  27 

IB  Details  of  Post-Cure  Cycles  as  Enumerated  in  Table  of 

Test  Specimens  Description  .....  .  28 

II  Solid  Propellant  Simulator  Check  Run  Performance 

Ablative  Nozzle  Characterization  .  29 

III  Calculated  and  Measured  Values  Used  in  Erosion 

Property  Analysis  Solid  Propellant  Simulator  .  30 

IV  Post  Test  Nozzle  Erosion  Evaluation  Ablative  Nozzle 

Characterization  .  31 

V  Post  Test  Nozzle  Visual  Evaluation  Ablative  Nozzle 

Characterization  . . 32 

VI  Solid  Propellant  Simulator  Performance  Data  Ablative 

Nozzle  Characterization  .  33 

VII  Liquid  Propellant  Test  Series  Test  Specimen  Description 

Ablative  Nozzle  Characterization  .  34 

VIII  Liquid  Propellant  Motor  Checkrun  Performance  Data 

Ablative  Nozzle  Characterization  .  35 

IX  Calculated  and  Measured  Values  Used  in  Erosion 

Proper*./  Analysis  Liquid  propellant  Test  Series . 36 

X  Motor  Performance  Data  Ablative  Nozzle  Characterization  .  37 


xi 


LIST  OF  TABLES  (Continued) 

TABLE  PAGE 

XJ  Post  Test  Nozzle  Erosion  Evaluation  Ablative 

Nozzle  Characterization  .  39 

XII  Post  Test  Specimen  Visual  Evaluation  Ablative 

Nozzle  Characterization  .  40 


INTRODUCTION 


A  variety  of  high  performance  thermally  protective  materials  are  being 
generated  on  a  continuing  basis  as  a  result  of  numerous  research  programs 
in  this  area.  Many  of  these  materials,  because  of  their  unique  properties 
and  characteristics,  are  intended  for  use  in  future  solid  propellant  and 
liquid  motor  exhaust  environments.  Many  of  the  new  ablative  composites  or 
their  components  are  sensitive  to  temperature,  erosion,  and  chemical  attack 
by  certain  rocket  exhaust  gases. 

The  object  of  this  program  is  to  determine  the  material  erosion  and  thermal 
insulation  characteristics  of  new  ablative  plastic  and  composite  materials 
intended  for  use  in  current  and  future  rocket  nozzle  environments.  Research 
materials  are  exposed  in  an  exhaust  environment  which  will  allow  comparisons 
of  behavior  among  different  ablative  materials  and  provide  reliable  in¬ 
formation  on  rocket  motor  performance  characteristics  in  the  throat  of  a 
rocket  nozzle.  Test  device  capability  includes  simulation  of  the  chemical 
composition  of  current  and  future  solid  and  liquid  propellant  exhausts. 

The  work  done  during  this  second  twelve  month  period  of  the  program  con¬ 
sisted  of  testing  thirty  (30)  research  nozzles  in  a  solid  propellant 
exhaust  environment  which  had  a  flame  temperature  of  5800°F  and  which  was 
highly  aluminized;  and  testing  nineteen  (19)  additional  research  nozzles 
in  a  liquid  propellant  motor  exhaust  environment.  The  liquid  propellants 
were  nitrogen  tetroxide  (NTO)  and  a  mixture  by  volume  of  50  percent 
hydrazine  and  50  percent  unsymmetrical  dimethylhydrazine  (50-50)  at  an 
oxidizer  to  fuel  mixture  ratio  of  1.6  to  1.0.  Nozzle  specimens  and  test 
data  were  evaluated  and  presented  in  tabulated,  graphical,  and  photo¬ 
graphic  forms  to  allow  comparisons  of  behaviour  by  the  Air  Force  Materials 
Laboratory. 
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SOLID  PROPELLANT  COMBUSTION  GAS 
SIMULATION  TESTS 


GENERAL  DISCUSSION 

The  solid  propellant  combustion  gas  simulation  tests  conducted  in  test 
series  4  ware  corr  rised  of  thirty  ablative  nozzle  test  specimens. 

Tables  IA  and  IB  presents  the  nozzle  test  specimen  material  description. 

The  solid  propellant  simulators  located  at  the  Aeronutronic  Aercthermo- 
chemical  (ATC)  laboratory  at  the  Newport  Beach  location  were  utilized  for 
these  tests.  Figure  1  is  an  overall  view  of  a  portion  of  the  ATC  complex 
showing  some  of  these  test  cells.  Figure  2  is  an  overall  view  of  the  test 

cell  control  room.  Figure  3  shows  the  rocket  motor  firing  in  a  test  cell., 

* 

Check  run  data  calculations  resulted  in  the  solid  propellant  simulator 
average  combustion  efficiency  being  95.68  percent*  This  was  sufficient 
indication  that  simulation  was  being  achieved. 
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The  Aeronutronie  Solid  Propellant  Combustion  Gas  Simulator 
Simulation  Procedure 


The  rocket  engine  exhaust  gas  generator  used  for  this  program  is  a  sophis¬ 
ticated  device  for  identically  reproducing  the  combustion  products  com¬ 
position  and  temperature  of  a  solid  propellant  by  use  of  a  propellant 
system  employing  only  liquids,  gases,  or  slurries.  This  Aeronutronlc 
developed  device  has  been  perfected  over  the  past  six  years,  so  that  it  is 
now  operating  on  a  routine  basis  as  a  highly  successful  research  tool. 

A  given  solid  propellant  can  be  exactly  duplicated  by  any  of  a  large 
number  of  combinations  of  liquid,  gaseous,  and/or  slurry  systems.  The 
duplications  are  achieved  with  respect  to  both  chamber  temperature  and 
chamber  combustion  products. 

The  composition  and  thermodynamic  properties  of  the  equilibrium  products 
of  a  combustion  process  are  uniquely  determined  by  the  atomic  composition, 
the  temperature,  and  the  pressure.  Pressure,  as  an  independent  variable, 
is  usually  specified  in  advance.  The  adiabatic  flame  temperature  is 
determined  by  the  heats  of  formation  of  the  reacting  propellant  ingredients 
and  their  products. 

Thus,  in  order  to  simulate  a  solid  propellant  with  a  liquid  or  gaseous 
system,  the  important  parameters  are  at' mic  composition  and  enthalpy 
change.  For  example,  if  the  solid  propellant  to  be  simulated  contains  six 
atomic  species,  it  is  possible  to  select  six  chemicals  which  contain  the 
desired  elements.  Then,  by  a  simple  mass-balance  process,  the  composition 
can  be  precisely  determined.  If  an  additional  chemical  is  added,  the  heat 
balance  equation  can  also  be  satisfied,  such  that  not  only  the  atomic  com¬ 
position,  but  also  the  temperature  of  the  combustion  products  is  reproduced. 
In  the  completely  general  case,  n  +  1  ingredients  are  needed,  where  n  is 
the  number  of  elements  in  the  solid  propellant.  In  practice,  however, 
fluid  propellants  can  usually  be  found  which  combine  several  of  the  req¬ 
uisite  elements,  and  then  fewer  than  n  +  1  ingredients  are  required. 

As  a  control  on  the  simulation  procedure,  every  proposed  simulator  com¬ 
position  is  checked  on  the  Aeronulronic  computer  before  firing  to  assure 
that  the  flame  temperature  and  gas  composition  are  identical  to  the  solid 
propellant  being  simulated.  Further  comparison  and  evaluation  calculations 
determining  the  nozzle  throat  heat  flux  for  the  solid  propellant  exhaust 
environments  are  presented  in  Appendix  I. 

The  exhaust  gas  composition  for  the  highly  aluminized  5800°F  solid  pro¬ 
pellant  used  in  this  program  is  shown  on  the  following  page. 
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ALUMINIZED  SOLID  PROPELLANT  SIMULATION 


A1  Cl  (g) 

62.44 

A1  Cl2  (g) 

97.89 

CO  (g) 

28.01 

CO?  (g) 

44.01 

Cl  (g) 

35.46 

H  Cl  (g) 

36.47 

HO  (g) 

17.00 

h2  (g) 

2,02 

h2  0  (g) 

18.02 

n2  (g) 

28.02 

A1203  (c) 

101,96 

0.0113 

0.71 

0.0209 

2.04 

0.7857 

22.01 

0.0787 

3.46 

0.0588 

2.08 

0.5081 

18.53 

0.0551 

0.94 

0.8845 

■  1.78 

0.6992 

’  12.60 

0.3101 

8.68 

0.2613 

26.64 

Other  (minor  species) 


0.53 


100.00% 
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Solid  Propellant  Simulator,  Propellant  Feed  Systems,  Controls 
and  Instrumentation 

Aeronutronic  has  designed  the  solid  propellant  simulator  especially  for 
material  testing.  In  achieving  this  goal,  the  simulator  system  has  been 
designed  to  provide  a  constant  flow  of  propellants  independent  of  varia¬ 
tions  in  chamber  pressure.  The  simulator  rocket  motor  hardware  consists 
of  a  combustion  chamber,  a  propellant  feed  injector,  a  nozzle  holder,  and 
the  ablative  nozzle  test  specimen.  During  the  past  five  years  the  design 
of  a  representative  solid  propellant  simulator  has  evolved  into  its  present 
configuration. 

\ 

The  combustion  chamber  is  a  water  cooled  copper  lined  combustion  chamber 
with  an  inside  diameter  of  3  inches '^at  the  injector  end  and  2.56  inches 
at  the  nozzle  specimen  end,  with  an  overall  length  of  22-5/8  inches. 


The  propellant  feed  injector  is  made  of  <^pper.  The  injectants  for  the 
specified  simulation  were  gaseous  oxygen,  gaseous  nitrogen,  gaseous  hydro¬ 
gen,  and  an  aluminized  slurry.  Criteria  pertinent  to  heat  transfer,  pres¬ 
sure  drop,  and  impingement  patterns  were  carefully  employed  in  the  design 
of  the  injector.  The  chamber  and  nozzle  holder  were  designed  to  accept 
the  test  nozzle  specimens  which  were  furnished  to  Aeronutronic  for  this 
test  evaluation  program.  These  test  specimens  consist  of  an  assembly  com¬ 
prising  of  a  nozzle  housing  insert  mold  of  refrasil  phenolic  into  which 
the  test  ablative  nozzle  materials  are  inserted.  Figure  4  presents  a 
schematic  of  the  injector.  Figure  5  is  a  photo  of  the  injector,  chamber, 
and  nozzle  holder  assembly.  Figure  6  is  a  schematic  of  a  typical  test 
nczzle  specimen. 

The  propellant  feed  systems  are  designed  to  provide  constant  flow  inde¬ 
pendent  of  chamber  pressure.  The  flow  of  each  gas  and  the  slurry  propel¬ 
lant  is  independent  of  chamber  pressure  and  each  of  the  other  propellants,. 
Each  of  the  gaseous  oxygen,  hydrogen,  and  nitrogen  propellants  feed  systems 
includes  a  block  valva.,  regulator,  sonic  nozzle,  firing  valve,  bleed  valve, 
pressure  transducers,  and  thermocouples.  The  gases  flow  rate  is  controlled 
and  measured  by  setting  and  recording  the  pressure  upstream  of  the  sonic 
nozzle.  The  setting  of  the  flows  are  made  under  the  exact  flow  conditions 
as  during  the  run  thus  assuring  reproducibility  of  the  desired  propellant 
flow  rates.  The  slurry  propellant  is  prepared  in  a  mixer  under  carefully 
controlled  conditions  and  then  transferred  into  a  run  tank  containing  a 
floating  piston.  The  slurry  is  expelled  from  the  run  tank  during  a  test 
run  by  displacing  the  slurry  with  RP-1  fluid.  Metering  of  the  slurry  is 
provided  by  controlling  the  volumetric  amount  of  RP-1  which  is  used  to 
displace  the  slurry.  The  metering  of  the  RP-1  is  provided  by  the  setting 
of  the  RP-1  tank  pressuie  and  the  use  of  a  cavitating  venturi.  The  flow 
rate  through  the  cavitating  venturi  is  determined  by  the  area  of  the 
venturi,  the  upstream  pressure,  and  the  vapor  pressure  of  the  RP-1  fluid. 
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The  system  employed  .during  .these  tests  provides  a  differential  (&F)  pressite 
in  the  order  of  1200  psi,  thus  .the  small  variations  .'n  tan';  pressure  results 
in  ;minute  changes  in  slurry  flow  rate.  Figure  7  presents  a  test  schematic 
of  Aeronutronic' s  solid  propellant  simulator  system. 

In  .order  ito  achieve  the  desired  starting  transients  which  are  representative 
of  a  solid  propellant  motor,  extreme  care  has  to  be  observed  in  the  timing 
of  the  firing  valves..  The  timing  of  the  control  valves  are  controlled 
through  a  sequenced  timer.  During  this  test  sequence.,  two  shutdown  criteria 
were  .used  —  one  was  time.,  the  other  pressure,  whichever  occurred  first. 

The  .pressure  shutdown  was  accomplished  by  the  use  of  an  automatic  pressure 
control  electronic  circuit,.  The  actual  shutdown  occurred  approximately 
1  second  after  the  initiation  of  the  shutdown  circuit,  thus  allowing  the 
shutdown  to  be  accomplished  with  the  sequence  timer.. 

The  instrumentation  used  during  this  sequence  of  tests  is  as  follows: 

Dynisco  "direct  current"  transducers  were  employed  for  all  pressure 
measurements,.  The  combined  linearity  and  hysteresis  of  these  transducers 
were  held  to  better  than  G..25  percent,.  Individual  10  volt  excitation  is 
provided  to  each  transducer  using  Systems  Research  range  and  balance  units. 
All  temperatures  were  recorded  using  thermocouples  conditioned  for  re¬ 
cording,  utilizing  a  Face  thermocouple  control  mit..  Gaseous  flows  were 
determined  iby  measuring  sonic  nozzle  upstream  pressure  and  by  the  configura¬ 
tion  of  the  sonic  nozzle,.  The  flow  rate  is  then  calculated  by  the  appro¬ 
priate  flow  eqir  tion  and  a  series  of  correction  graphs  which  compensates 
for  temperature,,  upstream  pressure.,  and  gas  .medium.  These  formulas  and 
corrections  were  developed  through  a  computer  program  especially  designed 
for  determining  propellant  flow  using  high  pressure  sonic  nozzles  in  the 
appropriate  size  range..  The  verification  of  this  method  of  measuring  flow 
has  been  documented  using  turbine  type  flow  meters  which  were  calibrated 
at  the  University  of  Colorado,.  RP-1  flow  is  measured  using  a  Waugh 
turbine  type  flow  meter..  All  data  .recorded  during  this  . test  series  were 
on  a  CEC  oscillograph,.  The  overall  system  accuracy  achieved  during  this 
test  series  is  better  than  +1.5  percent,; 

Propellant  System  Characterization  y 

The  solid  propellant  which  was  simulated  is  characterized  by  its  combustion 
temperature,  characteristic  velocity,  and  its  exhaust  species.  The 
theoretical  values  were  then  calculated  based  upon  the  ingredients  which 
make  up  the  propellant  and  the  chamber  pressure  at  which  the  system  is  to 
operate  (i.e.,  500  psia) . 


When  the  selected  chemical  ingredients  are  introduced  into  the  combustion 
chamber  and  are  allowed  to  react,  the  system  is  treated  as  a  conventional 
rocket  motor,  which  it  is,  wherein  the  combustion  performance  can  be  evalu- 
ateu  in  accordance  with  accepted  techniques.  Utilizing  the  relationships 
among  pressure,  mass  flow  rates,  and  geometry  to  determine  characteristic, 
velocity  (C*);  if  the  experimental  value  approaches  the  theoretical  C*, 
then  this  is  sufficient  indication  that  simulation  has  been  achieved,. 

Prior  to  testing  any  ablative  nozzle  specimens,  short  check  runs  were 
conducted  on  basically  noneroding  (graphite)  nozzles.  This  permitted 
accurate  definition  of  the  throat  area  for  simulation  efficiency  evalu¬ 
ation.  Measurements  made  during  each  check  firing  are  chamber  pressure, 
propellant,  flow  rates,  and  initial  and  final  throat  areas.  From  these 
measurements  the  experimental  characteristic  velocity  is  determined  and 
combustion  efficiency  calculated. 

Chamber  pressure  is  obtained  in  a  straightforward  manner,  employing  a 
pressure  transducer  to  sense  pressure  at  a  tap  in  the  combustion  chamber. 
The  output  from  this  transducer  is  converted  to  an  oscillogram.  Two  trans¬ 
ducers  are  utilized  to  provide  redundancy  for  this  parameter. 

Flow  rates  are  measured  by  methods  best  suited  to  each  propellant.  Gas 
flows  are  determined  by  measuring  temperature  and  pressure  upstream  of 
sonic  nozzles  with  known  effective  flow  areas. 

By  virtue  of  the  displacement  technique  employed  to  transfer  the  aluminized 
slurry  (which  contains  solids  in  suspension),  slurry  flow  rates  are 
determined  by  measuring  the  volumetric  flow  rate  cf  the  displacement  fluid.. 

Reproducibility  of  experimental  or  test  conditions  to  ensure  a  common  com¬ 
parative  base  is  largely  dependent  on  the  measurement  of  propellant  flow 
meter  outputs,  pressures,  and  system  temperatures. 

Current  technology  for  measurement  of  slurry  flow  rates  in  the  Aero.iutronic 
solid  propellant  simulator  is  based  on  measuring  the  flow  rate  of  the 
transfer  medium  which  displaces  a  known  volume  within  a  zero- leakage 
cylind'jiL .  A  turbine  type  flow-meter  is  utilized  to  measure  this  flow 
rate..  Overall  accuracy  of  the  measurement  is  dependent  primarily  on 
dynamic  fluid  correction,  basic  flow  meter  calibration,  and  instrumentation 
system  accuracies. 

Preset  How  rates,  monitored  by  means  of  pulse  counting  techniques  (elec¬ 
tronic  counter),  provides  a  system  accuracy  of  better  than  +0.5  percent, 
while  flow  measurement  conducted  during  the  run  via  analog  recording  pro¬ 
vides  an  overall  accuracy  of  +1.5  percent. 
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Gaseous  flow  rates  are  measured  by  utilizing  critical  flow  venturis 
designed  according  to  '’lassie  principles  and  fiow  calibration  techniques. 
Here  again  the  accuracy  is  primarily  dependent  on  the  following  good 
design  and  fabrication  techniques  and  verification  of  discharge  charac¬ 
teristics.  Measurement  of  flow-associated  pressures  and  temperatures  by 
pressure  transducers  and  thermocouples  provide  the  remaining  basis  for 
computation  of  the  flow  rates.  Overall  accuracy  of  this  flow  measurement 
and  recorded  data  is  +1.5  percent. 

Measurement  of  all  pressure  parameters  is  made  utilizing  high-frequency 
bonded  strain-gage  pressure  transducers,  associated  conditioning  equipment, 
and  galvanometer  oscillographic  recorders.  Tiansfer  function  of  each 
transducer  channel  is  periodically  verified  with  pressure  standards  and 
derived  electrical  equivalents.  System  accuracy  is  better  than  1.5  percent 

Test  Conditions 


All  simulator  testing  was  conducted  utilizing  a  solid  propellant  simulation 
specified  by  the  NonmetallJ.c  Materials  Division,  Air  Force  Materials  Labora 
tory.  Research  and  Technology  Division.  The  specified  propellant  had  an 
equilibrium  characteristic  velocity  (C*)  of  5212  ft/sec  and  a  flame  temper¬ 
ature  of  5800°F. 

The  weight  flows  "desired"  for  each  propellant  system  were  as  follows: 


G°2 

=  0.215 

pps 

gn2 

=  G.051 

pps 

gh2 

=  0.014 

pps 

Slurry 

=  0.313 

J2R5. 

Total 

0.593 

pps 

Slurry  Composition 
(%  of  Total  Propellant) 


A1  10.68 
AI2O3  8.04 
Trichlorethane  27.67 
RP-1  5.28 
Jelling  Agent  1.00 


Test  firing  standard  parameters  for  all  r.ozzle  specimen  runs  were  as 
follows : 


Initial  Chamber  Pressure:  500  psia  (as  determined  by 

checkrun  graphite  nozzles) 

Run  Duration:  60  seconds  or  chamber  pressure  reduction 
to  150  psia,  whichever  occurred  first. 


Check  Run  Performance 


Check  runs  were  completed  prior  to  the  actual  specimen  nozzle  firings  in 
each  group.  Check  runs  were  performed  for  the  following  reasons: 

(1)  To  demonstrate  proper  simulation. 

(2)  To  optimize  start  transients  of  the  various 
propellants. 

(3)  To  optimize  simulator  propellant  flows,  rocket 
motor  performance,  and  demonstrate  repeatability. 

(4)  To  experimentally  verify  a  constant  C*  value  for 
the  simulator,  to  enable  calculations  for  the 
equivalent  erosion  rate  based  on  chamber 
pressure. 

Test  Evaluation  Techniques 

Chamber  Pressure  versus  Time  Curves 

For  each  motor  firing,  a  chamber  pressure  versus  time  graph  has  been 
prepared. 

These  graphs  have  been  plotted  so  that  a  minimum  of  six  points  were 

used  to  define  the  curve  and  that  no  point  is  more  than  4  seconds  from  an 

adjacent  point.  The  graphs  also  note  the  pertinent  research  nozzle  material. 

Figures  8  through  37  present  these  data  from  Test  Series  4. 

Erosion  and  Resin  Degradation  Rate  Evaluation 

Erosion  rates  were  based  on  calculated  nozzle  specimen  throat  areas  for 
the  fired  nozzles  at  rocket  motor  combustion  chamber  pressures  of  350,  300, 
250,  200,  and  150  (or  final)  psia.  The  following  standard  formula  was  used: 

A  W  C* 

where 

2 

At  =  throat  area  (inch  ) 

w  =  Local  weight  flow  (pounds  per  second) 

C*  =  (equilibrium  C*)  x  (average  combustion  eff-Jcienty)  feet/second 
g  =  constant  (32,2  feet/second2) 

Pc  =  chamber  pressure  (pounds  per  square  inch  absolute) 
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Resin  degradation  rates  were  calculated  by  adding  the  erosion  rate  at  the 
end  of  the  test  run  to  the  similar  char  depth  rate.  The  char  depth  was 
measured  on  the  post  test  sectioned  nozzle  at  the  resultant  throat  location. 

The  erosion  rates  per  nozzle  were  plotted  graphically  to  evaluate  individual 
nozzles  and  nozzle  groupings  by  materials.  The  resin  degradation  rates 
are  tabulated  for  similar  evaluations. 

The  above  data  are  presented  as  follows: 

(1)  Table  III  presents  the  tabulated,  calculated, 
and  measured  values  used  in  erosion  property 
analysis. 

(2)  Table  IV  presents  the  tabulated  char  depths 
and  resin  degradation  rates. 

(3)  Figure  38  presents  the  erosion  rate  versus 
nozzle  number  at  the  five  specified  combus¬ 
tion  chamber  pressures. 

(4)  Figure  39  presents  erosion  rate 
comparisons  per  nozzle  grouping  based 
on  similar  resin  content. 

Nozzle  Post  Test  Sectioning  and  Photographic  Methods 

Each  of  the  ablative  nozzles  were  sectioned  and  polished.  All  of  the 
nozzles  were  sectioned  with  relation  to  the  "12  O'clock"  position  of  the 
simulator  and  so  marke’d.  The  photographed  section  of  each  nozzle  has 
been  returned  to  the  Nonmetallics  Material  Division. 

Two  different  types  of  post  test  photographs  were  taken  of  each  nozzle: 
an  axial  photograph  of  the  complete  nozzle,  and  a  profile  photograph  of  a 
bisected  nozzle. 

A  cross  section  throat  area  axial  photograph  was  taken  of  the  complete 
nozzle.  The  throat  image  was  projected  on  a  negative  utilizing  a  point 
light  source  on  the  ceiling  in  the  high  bay  photographic  laboratory.  A 
new  nozzle  was  used  to  cast  the  original  throat  shape  on  a  then  reproduced 
negative.  The  negative  was  then  aligned  in  a  plexiglass  fixture  which 
also  held  the  outside  diameter  of  the  phenolic  nozzle  holder,  thus  aligning 
the  centers.  A  nozzle  number  and  an  injector  orientation  mark  was  also 
photographed  through  the  plexiglass. 
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Profile  photographs  of  the  sectioned  nozzles  were  taken  utilizing  a  grid 
overlay,  which  consisted  of  a  five-lines-per-inch  grid  around  the  perimeter 
of  Lhe  overlay  and  an  original  nozzle  outline  to  emphasize  and  indicate 
erosion.  The  photographs  emphasize  the  background  highlights  of  the  nozzles 
as  well  as  the  sanded  nozzle  plane  for  a  more  complete  visual  description 
of  the  post-fired  nozzle  section.  For  visual  clarity  only  a  perimeter 
grid  was  used.  Both  the  grid  and  the  outline  were  drawn  with  white  ink  on 
a  clear  my’ar  sheet.  The  grid  was  aligned  to  the  bisected  nozzle  utilizing 
the  exit  e.  x  of  the  insert  and  the  2.56  inch  phenolic  holder  diameter. 

White  chalK.  was  placed  on  the  nozzle  contour  for  clarification. 

Figures  40  through  54  present  the  photographic  data  for  Test  Series  4. 

Table  V  presents  a  brief  tabulated  post  test  nozzle  visual  evaluation. 

Check  Run  Performance 


Three  checkruns  were  completed  before  the  Test  Series  specimen  nozzle 
firings.  These  tests  were  performed  for  the  following  reasons: 

(1) 

To  optimize  start  transients  of  the  various 
propellants. 

(2) 

To  obtain  repeatable  simulator  propellant 
flows  and  rocket  motor  performance. 

(3) 

To  experimentally  verify  a  constant  C* 
value  for  the  simulator  so  that  later  calculations 
could  be  made  for  the  equivalent  erosion  rate 
based  on  chamber  pressure. 

The  solid  propellant  simulator  checkrun  performance  is  presented  in 
Table  XI.  Checkruns  were  all  conducted  utilizing  graphite  nozzles  with 
0.500-inch  nominal  throats.  Following  checkrun  No.  3,  the  nozzle  specimen 
test  series  was  started. 

As  part  of  the  checkruns  that  were  made,  a  realistic  value  of  characteristic 
velocity  (C*)  was  obtained  which  was  subsequently  used  for  area  calculation. 
The  solid  propellant  simulator  efficiency  was  calculated  at  the  end  of  each 
run,  utilizing  the  final  nozzle  throat  diameter.  Due  to  the  short  test 
durations,  the  graphite  check  nozzle  throat  had  eroded  very  slightly  and 
was  easily  accurately  measurable.  The  following  data  were  taken  for 
characteristic  velocity  determination  (Reference  Table  II). 


Check  Run  No.  Efficiency 

1  95.507. 

2  95.507. 

3  96.057. 

Average  Efficiency  95.687. 
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After  half  of  the  test  nozzles  were  tested ,  another  checkrun  was  made  to 
document  the  efficiency  of  the  solid  propellant  simulation  (Reference 
Table  II). 


Check  Run  No.  Efficiency 

4  95.0% 

Nozzle  532  was  prematurely  shut  down  at  16  seconds  by  the  automatic  shut 
off  switch.  It  w>s  restarted  and  the  test  completed. 

Nozzles  were  restarted  in  order  to  obtain  some  data  that  could  be  evalu¬ 
ated,  even  though  possibly  compromised  by  the  ignition  effects. 

Table  V  covers  the  post-test  visual  analysis  of  each  nozzle  specimen. 

Table  IV  tabulates  the  specimen  char  depth  and  resin  degradation.  The 
material  description  of  each  test  specimen  is  presented  in  Table  IA  and 
Table  IB.  Photographs  of  the  post  test  nozzle,  showing  the  bisected 
profile  section  and  the  axial  throat  view,  are  presented  in  Figures  40 
through  54.  Figure  55  presents  the  average  control  nozzle  chamber  pressure 
versus  time  curve  based  on  Nozzles  508,  529  and  530.  This  curve  is  based 
on  averages  of  constant  pressure  points.  A  transparency  of  this  curve  is 
enclosed  in  the  envelope  attached  to  the  rear  of  this  report.  This  trans¬ 
parency  can  be  overlayed  on  pertinent  curves  for  evaluation  purposes. 

Test  Operation  Conditions 

The  solid  propellant  simulator  flowrate  performance  is  tabulated  in  Table  VI 
and  the  test-to-test  variation  from  the  nominal  is  shown  in  Figures  56, 

57,  and  58.  The  slurry  flowrate  was  within  +1  percent  from  the  nominal 
value  in  87  percent  (26  tests)  of  the  tests  and  the  other  13  percent  of 
the  tests  were  within  -1.4  percent.  The  total  propellant  flowrate  variation 
is  between  +1.2  percent  and  -2  percent.  Oxygen,  hydrogen  and  nitrogen 
were  affected  quite  extensively  by  the  ambient  20°F  temperature  variations 
during  the  tests  and,  due  to  the  inability  to  make  the  correction  for  the 
exact  gaseous  propellant  run  temperature,  a  larger  variation  from  the 
nominal  values  was  experienced  than  in  previous  test  series.  Oxygen  had 
only  53.5  percent  of  the  runs  within  +1  percent  of  the  nominal  value 
and  33.3  percent  within  +2  percent.  Only  on  two  occasions  did  the  oxygen 
run  3  percent  or  more  from  the  nominal  values  (+3  percent  and  -3.9  percent). 
Hydrogen  had  80  percent  of  the  runs  within  +2  percent  of  the  nominal  value. 
Nitrogen  had  60  percent  (18  runs)  within  +1  percent  of  the  nominal  value. 

The  remaining  40  percent  varied  between  +1  percent  and  -3.2  percent  of 
the  nominal  values. 
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Nozzle  Specimen  Tests 


An  automatic  cutoff  relay  was  used  in  conjunction  with  a  timer  to  obtain 
more  consistent  test  pressure  cut  off  at  150  psia  chamber  pressure.  This 
allowed  a  more  standardized  evaluation  of  material  degradation  and  char 
formation.  This  circuit  was  successful  in  holding  minimum  chamber  pressure 
shutdown  to  150  +  4  psia  in  22  of  the  thirty  nozzles  run. 

Nozzle  458  experienced  a  shutdown  at  156  psia  due  to  an  incorrectly  wired 
circuit.  This  was  remedied  and  nozzles  469  and  508  were  run.  During  these 
two  runs  ' ’  ->  timing  circuit  had  to  be  set.  Nozzle  508  was  run  and 
experienced  a  shutdown  at  138  psia.  Nozzle  469  experienced  a  shutdown  at 
143  psia.  The  following  14  nozzles  were  run  with  minimum  chamber  pressures 
falling  within  the  150  +  4  psia  tolerance  stated  above. 

During  the  running  of  Nozzle  534,  the  timer  circuit  failed  and  a  manual 
shutdown  was  not  accomplished  until  63.1  seconds,  resulting  in  a  minimum 
chamber  pressure  of  101  psia.  The  circuit  was  repaired  but  the  timing 
component  failed  completely  during  the  testing  of  Nozzle  537  resulting  in 
a  minimum  chamber  pressure  of  137  psia. 

The  only  other  deviation  noted  in  minimum  chamber  pressure  occurred  on 
Nozzle  545  and  was  attributed  to  the  short  run  duration  with  the  accompany¬ 
ing  steeper  slope  of  the  pressure  versus  time  curve. 

There  were  three  other  deviations  to  be  noted  during  the  testing  of  the 
30  nozzles.  The  circumstances  were  as  follows: 

(1)  Nozzle  506  was  shut  down  at  44  seconds 
due  to  insufficient  slurry.  The  slurry 
tank  was  refilled  and  the  unit  fired  again. 

The  slight  discontinuity  in  the  chamber 
pressure  versus  time  curve  attests  this 
fact. 

(2)  Nozzle  513  was  fired  and  immediately  shut 
down  due  to  lack  of  slurry  flow.  A  subsequent 
restart  was  made.  This  accounts  for  the 
0.593  initial  throat  diameter  occurring  on 
Table  III. 
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Materials  Evaluation 


A  comparison  of  nozzle  performance  can  be  made  with  some  tests  of  Series  1, 
reported  in  Reference  1,  as  well  as  a  comparison  within  this  Test  Series. 

Carbon  Cloth  (CCA-1)  -  91LD  Phenolic  Resin  Series 

A  comparison  of  the  erosion  rate  data  of  specimens  529  and  530  indi¬ 
cate  that  there  is  little,  if  any,  discernible  effect  of  molding  pressure 
on  the  erosion  performance  under  these  test  conditions.  Specimens  529  and 
530  of  this  report,  and  400  and  421  of  Reference  1,  were  all  fabricated 
under  the  same  conditions  except  for  a  shorter  post-cure  cycle  for  Speci¬ 
men  400.  The  erosion  rate  data  indicate  that  all  data  lie  within  the  spread 
for  identical  parts  429  and  430.  The  residual  contour  of  tested  throats 
show  similar  delamination  patterns  for  Specimens  429,  430  and  421.  There 
is  less  delamination  of  Specimen  400.  The  only  reason  considered  at  the 
present  time  for  the  lesser  amount  of  delamination  of  Specimen  400  is  the 
lower  hardness  which  may  allow  pyrolysis  products  to  be  released  and  a 
char  layer  to  develop  without  a  more  rigid  delaminating  structure.  It  has 
been  noted  on  other  work,  however,  that  very  low  hardness  composites  in 
general  appear  to  exhibit  poor  erosion  resistance  and/or  plastic  deforma¬ 
tion.  As  a  consequence,  there  may  be  an  optimum  hardness  or  other  charac¬ 
teristic  reflected  In  hardness  which  will  result  in  minimum  delamination 
and  surface  recession. 

Specimen  423  containing  a  low  alkaline  content  in  the  reinforcement  does 
not  appear  to  influence  performance  when  compared  to  Specimens  400,  421, 

429,  or  430. 

Carbon  Cloth  (CCA-1)  -  2,2  BIS  (p-hydroxyphenyl)  propane- 

phenolformaldehyde  Resin  Series 

This  resin  system  with  CCA-1  reinforcement  was  tested  as  Specimen  394 
(Reference  1)  and  Specimens  546  and  547  in  the  current  series.  The  erosion 
rates  of  the  specimens  showed  some  variation;  the  lowest  erosion  rate  being 
exhibited  by  the  specimen  of  the  prior  test  series. 

Carbon  Cloth  (CCA-1)  -  2,7  Dihydroxynapthalenp  phenol  formaldehyde  Series 

The  specimens  tested  during  this  series  were  identical  to  No.  463  in  prior 
tests.  Specimens  431  and  457  from  the  previous  series  were  from  a  differ¬ 
ent  resin  batch;  however,  the  erosion  rate  of  Specimens  464  and  431  were 
very  similar,  while  457  and  463  were  also  very  similar.  This  would  indi¬ 
cate  that  processing  and  testing  present  greater  variables  to  measured  per¬ 
formance  than  batch-to-batch  variation  of  the  resin  system.  The  post-test 
photographs  of  the  tested  nozzles  all  exhibit  characteristic  large  local 
gaps  between  laminations.  These  gaps  extend  in  sonr>  cases  to  near  the 
backf ace  of  the  specimens . 
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Carbon  Cloth  (CCA-1)  -  P-polyphenol  phenol  formaldehyde  Series 

One  specimen  with  this  resin  system  was  tested.  It  appears  to  be  a  com¬ 
panion  part  to  No.  490,  tested  previously,  and  is  possibly  different  than 
Nos.  455  and  456  which  have  a  higher  resin  content  in  the  composite.  The 
erosion  rate  data  is  analogous  to  that  of  the  2,7  Dihydroxynaphalene  phenol 
formaldehyde  discussed  above  (there  is  greater  similarity  of  erosion  between 
"nonidentical"  specimens).  Some  delamination  and  separation  can  be  observed, 
although  not  as  severe  as  that  of  the  (2,7  Dpf)  composites.  One  speci¬ 
men  (455)  tested  previously  did  exhibit  "chunking"  or  loss  of  char  during 
test  as  the  modified  surface  contour  is  also  that  of  the  char-virgin 
insulator  surface. 

Carbon  Cloth  (CCA-1)  -  Polyphenylene  Series 

The  polyphenylenes  which  have  been  tested  include  varying  post-cure  as  well 
as  mold  pressure  and  cure  temperature.  The  various  composites  exhibited 
surface  erosion  rates  comparable  to  those  of  the  CTL  91LD  control  compari¬ 
son  along  with  slightly  lower  charring  rates.  Typically,  the  ablated  sur¬ 
faces  have  a  rough  texture  after  test.  The  polyphenylenes,  as  a  group, 
exhibited  less  surface  recession  and  char  penetration  during  this  series 
of  test  than  those  reported  for  the  first  two  series  (Reference  1). 

Carbon  Cloth  (CCA-1)  -  Polybenzimidazole  Series 

The  polybenzimidazole  containing  composites  were  of  two  subtypes.  One  group 
(Spec.  510,  511,  512,  513)  were  processed  with  Imidite  4834.  These  specimens 
were  subsequently  impregnated  with  other  resin  systems.  The  other  group  of 
specimens  were  fabricated  with  Imidite  2803  as  the  resin  matrix  phase. 


Reimpregnated  Imidite  4834 
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Specimens  510  and  513  exhibited  relatively  high  surface  recession  rates  as 
well  as  high  charring  rates.  It  would,  therefore,  appear  that  this  perform¬ 
ance  is  due  to  the  two  infiltrating  resin  systems,  Sylgard  182  and  0-28-0903 
(cyclic  silicone  -  epoxy).  However,  it  is  not  known  at  the  present  time 
that  the  extent  of  infiltration  of  the  four  specimens  is  identical.  The 
erosion  and  charring  behavior  of  Specimens  511  and  512  (infiltrated  with 
R-1746  resin  and  epoxy  novalac)  was  lower  than  that  of  specimens  510  and 
513.  The  degradation  rates  of  the  latter  two  specimens  was  similar  to  91LD 
reinforced  with  carbon  cloth.  Assuming  the  four  specimens  of  this  group  are 
of  common  infiltrant  resin  concentration  and  therefore  of  identical  structure 
except  for  the  infiltrant  resin  composition,  the  epoxy  novalac  and  R1746 
exhibit  superior  performance.  This  behavior  is  consistent  with  chat  of 
specimens  composed  of  carbon  cloth  and  R1748,  DEN  438  or  the  Sylgard  resin 
systems.  The  silicone-epoxy  resin  system  had  not  been  tested  as  a  single 
U3XU  uca.xug  composite. 
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Imidite  2803 


Two  Imidite  2803  -  carbon  cloth  specimens  were  tested.  Specimen  533  behaved 
in  a  manner  similar  to  the  reimpregnated  samples.  The  erosion  of  this  sample 
was  slightly  superior  to  tiiat  of  91LD  -  carbon  cloth.  Sample  534  exh! cited 
charring  and  erosion  performance  superior  to  other  specimens  in  either  group 
of  polybenzimidazole  bearing  composites.  The  performance  was,  in  fact, 
superior  to  that  of  the  standard  91LD  phenolic  -  with  carbon  cloth  CCA-1 
reinforcement  specimens. 

91LD  Phenolic  with  G1550  for  Reinforcement  Series 

The  performance  of  the  high  mold  pressure  graphite  fiber  reinforced  composited 
(536  and  537)  appear  to  be  superior  to  the  carbon  reinforced  analogs.  The 
char  penetration  was  comparable  to  the  better  insulators,  while  the  erosion 
rate  was  unquestionably  the  lowest  of  all  composites  in  the  Test  Series. 

Both  test  specimens  had  smooth  textured  ablation  surfaces  after  the  test. 

Carbon  Cloth  (CCA-1)  -  PH990  Resin  Series 

Specimens  538  and  539  containing  PH990  as  the  resin  phase  of  the  composite 
eroded  and  charred  at  a  high  rate.  The  erosion  was  high,  but  the  char  pen¬ 
etration  depth  was  the  highest  of  all  groups  tested  in  this  series. 

Carbon  Cloth  (CCA-1)  -  Epoxy  Novolac  Series 

The  Epoxy  Novolac  specimens  (540  and  544)  experienced  moderate  thermal  pen¬ 
etration  (comparable  to  or  slightly  higher  than  the  CTL91LD  analog).  How¬ 
ever,  the  surface  recession  was  almost  as  low  as  that  of  the  high  pressure 
molded  graphite  reinforced  91LD-phenolic.  It  appears  that  the  specimen  may 
delaminate  into  relatively  thin  plates  which  then  char,  preserving  a  strong 
surface  char  which  erodes  at  the  edge. 

Carbon  Cloth  (CCA-1)  Skygard  700  Series 

This  composite  (Specimen  545)  eroded  at  a  very  rapid  rate  (19  mils/sec). 

Due  to  the  rapid  rate  of  surface  removed,  the  char  penetration  was  high, 
although  the  residual  char  thickness  was  not  great. 

General  Comments 

It  appears  then  that  thr  91LD  resin  incorporating  Graphite  cloth  was  equiv¬ 
alent  or  superior  in  pt  formance  (low  surface  recession,  low  char  penetration 
and  preservation  of  smooth  surface  texture)  to  other  materials,  with  the 
exception  of  some  of  the  polyphenylenes,  although  the  heat  penetration  rate 
of  the  p-phenylphenol  phenol  formaldehyde  reinforced  with  carbon  cloth  is 
slightly  higher.  This  resin  might  then  be  expected  to  perform  well;  is  a 
strong  ablating  composite,  can  be  fabricated  utilizing  a  graphite  reinforcing 
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Aeronutronic' s  evaluation  is  considering  at  the  same  time  thermal  degradation 
and  erosion  resistance.  Obviously,  dependent  on  the  application,  one  or  the 
other  of  these  characteristics  can  be  of  little  importance.  As  an  example, 
the  performance  of  the  Epoxy  Novolacs  is  such  that  there  is  surface  erosion 
but  little  thermal  degradation.  A  possible  use  for  this  material  could  be 
in  high  area  ration  nozzle  entrance  sections. 
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LIQUID  PROPELLANT  COMBUSTION  GAS  TESTS 


GENERAL  DISCUSSION 

The  liquid  propellant  combustion  gas  nozzle  specimen  tests  were  conducted 
in  one  grouping  of  nineteen  nozzles.  Table  VII  presents  the  test  specimen 
description.  The  liquid  propellants  were  nitrogen  tetroxide  (NTO)  and  a 
50  percent  hydrazine  and  50  percent  unsymmetrical  dimethyl  hydrazine 
(50-50)  mixture  by  volume  at  an  oxidizer  to  fuel  mixture  ratio  of  1.6  to  1. 

The  liquid  propellant  testing  was  conducted  at  the  Aeronutronic  Remote  Test 
Site  located  about  15  miles  from  the  main  plant.  Figure  59  is  an  overall 
view  of  the  test  cell  -  control  room  arrangement.  Figure  60  is  a  view  of 
the  control  room  instrumentation  area.  Figure  61  shows  the  liquid  pro¬ 
pellant  motor  in  Test  Cell  B  during  a  test  firing. 

A  series  of  five  check  runs  were  made  utilizing  the  identical  rocket  motor 
hardware  from  test  series  3  (Reference  I).  These  check  runs  indicate  that 
the  very  good  nozzle  erosion  patterns  and  combustion  efficiency  were  almost 
identical  to  that  obtained  during  test  series  3. 

Check  runs  were  completed  prior  to  the  actual  specimen  nozzle  firings  and 
after  any  significant  rocket  motor  or  system  modification.  Check  runs 
were  performed  for  the  following  reasons: 

(1)  To  demonstrate  proper  mixture  ratio,  chamber 
pressure,  and  uniform  combustion. 

(2)  To  demonstrate  reliable  and  repeatable  hard¬ 
ware  performance. 

(3)  To  optimize  starting  and  stopping  transients. 

The  liquid  propellant  check  runs  are  presented  in  Table;  VIII.  All  check 
runs  were  conducted  utilizing  graphite  nozzles  with  0. 300-inch  nominal 
throats . 
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For  further  comparison  and  evaluation  of  the  rocket  motor  performance, 
calculations  determining  the  nozzle  throat  heat  flux  for  the  liquid 
propellant  exhaust  environment  is  presented  in  Appendix  I. 

Liquid  Propellant  Rocket  Motor t  Propellant  Feed  Systems,  Controls  and 
Instrumentation 


Aeronutronic  also  designed  the  liquid  propellant  rocket  motor  (N2O4  -  50/50) 
especially  for  material  testing.  Iu  achieving  this  goal,  extreme  care  was 
utilized  to  get  even  nozzle  erosion  characteristics  from  the  rocket  engine. 
The  liquid  rocket  motor  hardware  consists  of  a  combustion  chamber,  a  pro¬ 
pellant  feed  injector,  ablative-nozzle  holder,  and  the  test  specimen. 

All  testing  hardware  was  identical  to  the  final  configuration  used  during 
Test  Series  3.  The  combustion  chamber  used  during  this  test  sequence  was 
identical  as  that  utilized  for  the  solid  propellant  simulator  tests.  The 
injector  is  a  stainless  steel,  water  cooled  unit  shown  in  Figure  62,  which 
shows  the  configuration  of  the  eight  injection  doublets. 

The  propellant  fuel  systems  are  of  a  constant  flow  design.  The  flow  of 
each  liquid  propellant  is  "set"  by  utilizing  a  specially  designed  cavitating 
venturi  having  a  pressure  drop  of  approximately  700  psi.  '  This  large  drop 
results  in  the  flow  rates  being  very  constant  and  repeatable.  ■,* 

v 

Each  of  the  two  propellant  systems  includes  a  nitrogen  pressurized  propellant 
tank,  block  valve,  cavitating  venturi,  firing  valve,  purge  systems,  pressure 
transducers,  and  thermocouples.  Two  purge  systems  are  utilized:  gaseous 
nitrogen  and  water.  The  nitrogen  purge  is  automatic  at  the  start  and 
finish  of  each  run.  The  water  purge  is  a  post-test  operation  conducted  to 
efficiently  purge  and  clean  the  system.  Figure  63  presents  a  test  schematic 
of  the  Aeronutronic  liquid  propellant  NTO/50-50  system. 

The  instrumentation  system  employed  during  the  liquid  propellant  tests  is 
basically  the  same  as  that  employed  during  simulator  tests  with  the  excep¬ 
tion  that  the  data  are  recorded  using  an  analog  to  digital  recorder  in 
addition  to  the  oscillograph  recording.  The  analog  to  digital  recorder  is 
a  paper  tape,  three  digit  system  which  an  accuracy  of  better  than  0.2  percent. 
This  system  is  manufactured  by  Applied  Development  Corporation.  By  use  of 
the  digital  recorder,  the  overall  system  accuracy  will  be  better  than 
+1/2  percent. 

The  data  were  obtained  by  recording  thirty  channels  of  test  pressure  infor¬ 
mation  per  second  in  a  sequential  manner,  each  channel  being  recorded  in 
sequence  every  two-thirds  (2/3)  of  a  second.  Ten  chamber  pressure  channels 
per  each  two- thirds  (2/3)  second  scan  were  employed  to  enable  data  analysts 
to  more  easily  "pick  out"  desired  data  points  and  to  ensure  that  these  “ 
points  were  consistent  with  the  pressure  values  within  a  range  as  short 
as  cne-tenth  (1/10)  second  from  the  selected  data  point. 
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Test  Conditions 


All  NTO/50-50  testing  was  conducted  at  an  oxidizer  to  fuel  mixture  ratio 
of  1.6  to  1.0  as  specified  by  the  Nonmetallic  Materials  Division,  Air 
Force  Materials  Laboratory,  Research  and  Technology  Division. 

At  the  desired  initial  chamber  pressure  of  300  psia  at  the  specified 
mixture  ratio,  the  theoretical  equilibrium  characteristic  velocity  (C*) 
was  5627  feet/seeond;  and  the  flame  temperature  was  approximately  5300°F 
(.reference  Figure  64,  Theoretical  C*  versus  Mixture  Ratio). 

The  weight  flows  "desired"  for  each  propellant  system  were  as  follows: 

NTO  =  0.2164  pps 

50-50  =  0.1352  pps 

Total  0.3516  pps 

The  firing  standard  parameters  for  all  nozzle  specimen  runs  were  as  follows: 

Initial  Chamber  Pressure:  300  psia  (as  deterv, tr* i 

by  check  run  graplntw 
nozzles) . 

Run  Duration:  240  seconds  or  chamber  pressure 
reduction  to  100  psia,  whichever 
occurred  first. 

Test  Evaluation  Techniques 

Test  evaluation  for  the  specimen  nozzles  subjected  to  the  liquid  propellant 
environment  were  the  same  as  for  those  exposed  to  the  soli4  propellant 
simulator  exhaust  (refer  to  page  10).  Erosion  rates  were  based  on  calcu¬ 
lated  nozzle  specimen  throat  areas  for  the  fired  nozzles  at  rocket  motor 
combustion  chamber  pressures  of  250,  200,  150,  and  100  (or  final)  psia. 

Data  are  presented  as  follows: 

(1)  Chamber  pressure  versus  time  curves  as 
shown  in  Figures  65  through  83. 

(2)  Table  AX  presents  the  tabulated,  calculated, 
and  measured  values  used  in  erosion  property 
analysis. 
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(3)  Figure  84  presents  the  erosion  rate  versus 
nozzle  member  at  the  four  specified  combustion 
chamber  pressures. 

(4)  Figure  85  presents  erosion  rates,  at  the  four 
specified  combustion  chamber  pressures,  in 
relation  to  like  resins  and  reinforcements. 

(5)  Figures  86  through  95  present  the  photographic 
data. 

(6)  Table  X  presents  liquid  propellant  motor  per¬ 
formance  data. 

(?)  Table  XI  presents  the  post  test  nozzle  erosion 
evaluation  consisting  of  char  depth  and  resin 
degradation  rates. 

(S)  Table  XII  is  the  post  test  nozzle  visual 
evaluation. 

(9)  Figure  98  is  the  test-to-test  propellant  flow- 
rate  variation  from  nominal  conditions. 
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Test  Operation  Conditions 


The  test-to-test  propellant  flowrates  and  mixture  ratio  is  presented  in 
Table  10.  The  associated  test-to-test  propellant  flowrate  and  mixture 
ratio  variation  from  nominal  conditions  is  shown  in  Figure  96. 

The  nitrogen  tetroxide  (NTO)  flowrate  was  within  +1.0  percent  from  .'■.he 
nominal  value  in  16  of  the  19  tests.  The  other  three  were  within  -1.52  per¬ 
cent  of  the  nominal  value.  The  50/50  fuel  flowrate  was  within  +1.0  percent 
from  the  nominal  value  in  18  of  the  19  tests.  One  test  had  a  fuel  varia¬ 
tion  of  -1.18  percent  from  the  nominal  value.  The  total  propellant  flow- 
rate  was  within  +1,0  percent  of  the  nominal  value  on  all  of  the  tests. 
Propellant  mixture  ratios  for  16  of  the  19  tests  were  within  +1.0  percent 
of  the  nominal  value.  The  other  tests  were  within  +1.5  percent  of  the 
nominal. 

The  planned  run  duration  for  each  nozzle  test  was  240  seconds  or  if  100  psia 
chamber  pressure  is  reached.  Six  (6)  nozzle  tests  were  terminated  early 
due  to  nozzle  material  characteristics.  Material  flow  into  the  throat 
caused  an  increasingly  higher  chamber  pressure.  The  nozzle  specimens  were 
549,  552,  553,  556,  557,  and  567.  During  testing  of  nozzles  549  and  552, 
the  nozzle  specimens,  completely  blew  out  of  the  nozzle  holder.  Nozzle 
specimen  570  was  the  only  nozzle  to  go  the  full  programmed  340  second 
duration. 


On  nine  (9)  of  the  nozzle  specimen  tests  erosion  "streaking"  (a  unique 
erosion  pattern)  was  apparent.  The  nozzle  specimens  were  548,  550,  551, 
553,  554,  558,  559,  566,  and  571.  As  a  possible  cause  of  this  condition, 
the  rocket  motor  injector  and  chamber  design  was  reviewed.  Injector 
impingement  --  if  not  perfect  --  over  long  runs  could  possibly  lend  itself 
tg  localized  mixture  ratio  variances.  However,  chamber  design  utilized  a 
L  of  700  to  ensure  excellent  propellant  mixing  and  burning  at  the  nozzle 
entrance.  Although  it  would  therefore  appear  that  the  facility  system 
was  not  a  contributing  factor,  it  cannot  be  theoretically  entirely  ruled 
out.  Therefore,  prior  to  the  next  liquid  propellant  test  series,  the 
injector  impingement  patterns  will  be  analyzed  for  further  optimization, 
the  propellant  facility  will  be  recleaned  to  eliminate  chance  particle 
contamination,  and  the  use  of  a  "soft"  ablative  check  nozzle  will  be 
considered  as  a  check  on  uniformity  of  combustion. 


Representation  of  corrected  data  of  nozzle  specimen  409  which  was  exposed 
to  the  liquid  propellant  exhaust  as  part  of  Test  Series  3  is  shown  ir. 
Table  IX  and  Figure  97. 
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Materials  Evaluation 


All  of  the  specimens  tested  during  thi °  series  consisted  of  composites  with 
a  high  SiC>2  content  reinforcement  phase.  The  single  exception  to  this  was 
a  filament  wound  composite  with  boron  reinforcement.  In  all  seven,  different 
matrices  were  evaluated. 

This  test  series  differs  from  the  one  reported  in  Reference  1  in  one  respect. 
During  this  test  series,  runs  were  not  terminated  at  120  seconds  but  were 
continued  240  seconds  or  until  chamber  pressure  decreased  to  100  psi.  The 
longer  duration  tests  can  have  two  effects  upon  composite  performance.  The 
longer  duration  would  accentuate  non-uniform  surface  recession  due  to  slight 
variations  in  heat  transfer  or  chemical  attack.  The  very  minor  variations 
in  chemistry  and  the  effect  would  be  additive  throughout  the  run.  In  addi¬ 
tion,  grooves  which  develop  can  lead  to  variations  in  throat  location  and 
the  development  of  shWk  interactions  from  the  grooves  aft  of  the  throat 
which  result  in  complex  erosion  patterns  which  are  not  due  to  test  material 
or  propellant  distribution  variations.  This  type  of  performance  would  be 
expected  when  testing  materials  with  high  char  strength  and  stiffness. 

This  type  of  performance  is  believed  to  be  typical  of  specimen  553,  Figure  89. 

Materials  which  exhibit  plasticity  in  the  char  bulk  would  be  expected  to 
show  a  different  mode,  of  material  loss  than  that  discussed  above.  Reinforce¬ 
ment  -  char  combinations  which  allow  lower  viscosity  melt  phases  or  macro¬ 
plasticity  within  the  char  would  be  expected  to  loosen  material  by  molten 
flow  of  reinforcement  from  the  convergent  section  through  the  throat, 
causing  restriction  and  less  material  loss  downstream  due  to  reduced  heat 
transfer  through  the  molten  layer.  This  material  loss  method  is  typical  of 
Specimens  556  and  557,  Figures  90  and  91. 

Material  Comparison 

Silica  -  Phenolic.  Specimens  552,  553,  554,  556,  557,  570,  580 

The  first  three  numbered  specimens  contained  leached  glass,  high  silica, 
reinforcement  while  the  latter  four  specimens  contained  modifications  of 
amorphous  Silica  or  quartz  fiber  containing  various  proprietary  addition 
for  viscosity  control. 

The  three  specimens  all  exhibit  similar  decreases  in  chamber  pressure  with 
respect  to  time  up  to  greater  than  160  seconds  of  test  time.  Towards  the 
end  of  the  tests,  the  chamber  pressure  increases  due  to  liquid  flow  through 
the  throat  and  therefore  throat  area  restriction.  Specimens  553  and  554 
which  remained  intact  after  the  run  can  be  seen  irt  Figures  89  and  90. 

Specimen  553  is  believed  to  be  slightly  grooved  during  the  test.  The 
groove  in  the  throat  estsolishing  a  shock  wave  which  reacts  with  the  oppo¬ 
site  wall  downstream,  as  discussed  in  the  previous  section.  It  also 
eppeucs  that  bulk  movement  of  the  composite  has  taken  place.  It  is 
believed  that  bulk  movement  is  caused  during  these  relative  long  runs  by 
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heating  of  the  silica  reinforcement  in  the  char  to  the  extent  that  the  SiC>2 
viscosity  decreases  to  a  point  where  bulk  plastic  deformation  of  the  insert 
can  take  place;  the  driving  force  for  plastic  deformation  being  the  axial 
combustion  pressure  gradient  applied  to  the  insert. 

Specimen  554  shows  evidence  of  the  loss  of  material  by  spalling  or  other 
methods  of  gross  char  removal.  This  is  supported  as  an  occurrence  during 
the  run  by  the  charring  of  the  local  underlying  insulator.  However,  the 
chamber  pressure  trace  does  not  reflect  this  occurrence. 

A  comparison  of  the  chamber  pressure  traces  for  the  three  refrasil-phenolic 
specimens  with  their  analogs  in  the  first  series  of  N2O4/N2H4  tests  indicate 
that  the  shape  of  the  curves  are  similar  to  120  seconds  of  run  time  (the 
maximum  test  time  during  Series  l).(l)  This  would  indicate  the  reproduci¬ 
bility  of  tests  conducted  at  large  time  intervals. 

The  four  silica  reinforced  specimens,  utilizing  two  proprietary  compositions 
of  amorphous  silica  and  quartz  with  additives  all  exhibited  varying  behavior. 
Specimens  566  and  571  had  chamber  pressure  curves  similar  to  the  Refrasil- 
phenolic  although  all  specimen  tests  were  terminated  due  to  throat  enlarge¬ 
ment  before  the  Refrasil-phenolic.  Both  specimens,  Figures  93  and  95 
exhibited  quite  uniform  erosion.  Both  specimens  were  coated  with  a  layer 
of  reinforcement  phase.  The  char  structure  of  both  specimens  appear  to  be 
relatively  free  of  d'elamination  during  test. 

Specimens  567  and  570  both  exhibited  "blunting"  of  the  forward  edge  and 
plastic  movement  of  the  char.  The  plastic  motion  and  a  loss  of  small 
segments  of  the  char  may  be  the  cause  of  the  relatively  erratic  chamber 
pressure  traces.  Figures  81  and  82.  As  can  be  seen  in  the  section  photo¬ 
graph,  Figure  94,  very  little  of  insert  No.  570  remains  after  the  test. 

The  reason  for  the  over  pressure  during  the  first  two  to  four  seconds  of 
tests  for  Specimens  466,  467,  470  and  471  is  not  known.  It  is  indicative 
of  a  temporary  throat  restriction  and  may  be  caused  by  loss  of  the  forward 
edge  of  the  specimen  by  mechanical  breakup,  which  would  result  in  "blunting" 
of  the  specimens. 

The  composite  compositions  of  specimens  556,  567,  570  and  571  were  not 
evaluated  during  the  first  test  series  and  as  a  consequence  the  effect  of 
test  duration  extension  cannot  be  assessed. 

Silica-Imidite 


Two  specimens  of  this  composition  were  tested;  Specimens  549  and  550.  One 
specimen  was  ejected  from  the  holder  during  test.  Both  specimens  were 
tested  for  time  periods  longer  than  the  Silica-phenolic  composites.  The 
erosion  as  indicated  by  the  chamber  pressure  trace  is  common  for  the  first 
120  seconds  of  test.  After  this  time  period  the  chamber  pressure  during 
the  test  of  Specimen  549  remained  constant  for  90  seconds.  This  is  believed 
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to  be  due  to  the  molten  flow  of  reinforcement  phase,  possibly  accompanied 
by  bulk  plastic  deformation.  After  210  seconds  of  test  it  is  felt  that 
plastic  flow  increases  due  to  additional  heating.  The  plastic  flow  causes 
throat  restriction  and  an  increase  in  chamber  pressure  until  test  specimen 
ejection  occurred. 

The  other  matched  specimen  (550)  exhibited  continual  and  slow  throat  en¬ 
largement  after  120  seconds.  The  sectioned  photograph  of  this  specimen. 
Figure  88,  shows  some  delamination  and  greater  erosion  on  one  side  than 
the  other.  Evidence  of  some  molten  oxide  and  gas  flow  through  the  char 
fissure  can  be  seen.  It  also  appears  that  the  forward  edge  of  the  specimen 
is  about  to  be  lost  by  plastic  flow.  This  may  be  the  cause  of  throat 
restriction  and  failure  of  Specimen  549. 

Silica-Epoxy  Novolac 

Two  identical  specimens  were  tested,  Specimens  556  and  557.  The  test  dur¬ 
ations  of  both  specimens  were  very  short.  The  chamber  pressure  traces 
were  virtually  identical  and  the  same  as  that  of  Specimen  526  reported  in 
Reference  (1)  on  the  first  N2O4/N2H4  test  series.  An  examination  of  the 
cross  section  photographs  for  these  nozzles  indicates  some  delamination  and 
apparent  flow  of  the  hot  or  pyrolizing  resin  system  which  causes  the  throat 
restriction. 

Boron  Fiber  -  Epoxy  Novolac 

This  single  test  specimen  (566A)  was  fabricated  by  a  low  angle  filament 
winding.  The  test  duration  was  very  short.  It  appears  that  the  test 
material  performance  was  probably  limited  by  the  reinforcement  orientation 
rather  than  the  reinforcement  or  resin  composition.  This  is  further  sub¬ 
stantiated  by  the  loss  of  fibers  or  groups  of  fibers  as  shown  in  the  section 
photograph,  Figure  93. 

Silica-Polvimide  (1-8) 

The  polyimide  matrix  system  was  tested  as  a  single  insert.  The  erosin 
rate  was  about  twice  as  high  as  the  phenolic  analogs.  The  erosion  (chamber 
pressure  decrease)  was  uniform.  The  tested  insert  showed  that  throat 
enlargement  was  uniform  with  no  plastic  flow,  probably  due  to  the  short 
duration  and  the  rapid  erosion  rate. 

Silica-Polyphenylene 

The  single  test  of  this  composition  indicated  a  chamber  pressure  decrease 
similar  in  shape  to  silica-phenolic.  However,  the  throat  increase  was 
more  rapid  for  the  polyphenylene  resin  containing  composite.  Post  test 
examination  of  the  specimen  revealed  some  delamination.  This  is  not  usual 
for  low  conductivity  silica  reinforced  composites  since  thinner  char 
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layers  result  and  less  pyrolysis  gas  pressure  occurs.  A  relatively  thin 
layer  of  silica  was  found  on  the  specimen  surface.  This  may  be  due  to  in 
situ  reaction  of  Si02  with  the  char  to  form  SiC.  The  SiC  -  carbon  composite 
char  would  then  be  lost  by  erosion  with  somewhat  a  limited  silica  surface 
layer.  This  occurrence  necessitates  relatively  high  temperatures  within 
the  char  however,  which  is  not  necessarily  consistent  with  the  delamin¬ 
ation  possibility  discussed  above.  A  further  resolution  would  require  a 
detailed  analysis  of  the  char  composition  and  morphology  to  propose  a 
more  consistent  mechanism. 

Silica  -  2.2  -  Bis  (p-hydroxyphenvll  propane  -  phenolformaldehyde 

The  test  durations  of  this  composition  was  in  the  range  of  that  of  Silica- 
phenolic;  however,  erosion  of  these  composites  was  not  uniform.  A  burn- 
through  of  the  insert  No.  548  was  experienced  on  one  side  and  two  pieces 
of  char  appear  to  have  been  lost  during  the  test.  The  apparent  burn- 
through  could  be  due  to  the  mechanical  loss  of  a  segment  of  material  with 
subsequent  heating,  molten  flow  and  erosion  obscurring  the  details  of  the 
local  discontinuity. 

The  chamber  pressure  trace  of  this  test  indicates  a  limited  chamber  pres¬ 
sure  increase  at  160  seconds,  followed  by  rapid  throat  area  increase.  It 
is  felt  that  this  may  have  occurred  during  the  loss  of  the  two  pieces  of  char. 

The  second  specimen  of  this  composition  exhibited  a  chamber  pressure 
decrease  without,  a  subsequent  increase.  The  tested  nozzle  did  not,  however, 
indicate  the  loss  of  char  segments.  The  difference  in  performance  in  the 
latter  stages  may  be  due  to  minor  differences  in  material  performance  over 
this  very  long  test  duration. 

Silica-Polyphenylene 

Three  specimens  of  this  nominal  composition  were  tested.  Speci¬ 
mens  558  and  559  were  molded  at  3500  psl.  Specimen  562  was  molded  at 
higher  pressure,  10000  psi.  Other  than  molding  pressure,  specimen  prep¬ 
aration  was  the  same. 

A  comparison  of  the  chamber  pressure  time  curves  indicates  much  more 
rapid  throat  enlargement  for  the  high  pressure  molded  test  insert,  Sped’ 
men  562.  It  is  not  known  by  what  mechanism  the  high  pressure  consolidation 
could  result  in  more  rapid  erosion.  Post  test  examination  of  Specimen  562 
indicates  that  erosion  was  not  uniform.  Pieces  of  char  appear  to  have 
been  removed.  After  test,  some  small  local  broken  pieces  of  composite 
were  observed  within  the  specimen.  At  the  present  time,  it  is  felt  that 
this  composition  may  form  in  a  more  brittle  char  and  at  high  temperatures 
when  reinforcement  softening  occurs,  brittle  fractures  of  the  char  phase 
results. 


The  low  pressure  molded  inserts  were  run  for  longer  time  periods.  The 
throat  enlargement  was  similar  for  the  first  110  seconds.  At  that  time, 
Specimen  559  experienced  a  decrease  in  throat  enlargement,  followed  by 
throat  restriction. 

Examination  of  the  specimens  after  test  indicates  that  the  molten  oxide 
film  was  thick  in  both  cases  and  that  surface  discontinuity  typical  of 
char  loss  had  occurred. 

General  Results 

The  apparent  variable  material  performance  observed  in  some  groups  of 
test  specimens  in  general  occurred  late  in  the  test  (after  100  seconds). 

It  is  believed  that  test  durations  of  this  length  are  very  long  for  inserts 
of  this  size  and  heat  capacity.  As  a  result,  after  two  to  three  minutes 
of  test  bulk  material  movement  and  changes  are  occurring.  The  bulk  move¬ 
ment  and  plugging  for  identical  specimens  occurring  at  say  20  seconds  time 
differential  appears  at  first  glance  to  be  a  large  difference.  However, 
when  this  occurs  after  200  seconds,  the  variation  in  performance  is  then 
only  10  percent  and  in  general  in  the  range  of  performance  for  shorter 
test  durations. 

The  longer  tests  conducted  in  this  series  result  in  massive  changes  in 
material  rather  than  primarily  thin  char  and  surface  effects  as  encountered 
during  prior  test  series. 

The  longer  test  durations  also  make  post  test  analysis  difficult  because 
changes  which  occur  in  the  test  specimen  can,  on  additional  exposure,  be 
subject  to  additional  general  erosion  and  ablation  and  as  a  consequence  be 
more  difficult  to  define. 


TABLE  IB 


DETAILS  OF  POST-CURE  CYCLES 
AS  ENUMERATED  IN  TABLE  OF  TEST  SPECIMENS  DESCRIPTION 

I.  600°F  for  24  hours,  650°F  for  24  hours,  700°F  for  24  hours,  750°F 
for  24  hours,  800°F  for  8  hours.  Parts  were  post-cured  in  a  helium 
atmosphere. 

II.  18  hours  at  275°F,  114  hours  from  275°  to  600°F,  6  hours  cooling  to 
below  200  F.  Post-cured  under  helium  atmosphere. 

III.  18  hours  at  275°F,  72  hours  from  275°  to  400°F,  4  hours  at  400°F, 

7  hours  cooling  to  below  200°F. 

IV.  18  hours  at  275°F,  72  hours  from  275°  to  400°F,  39  hours  from  400°F 

O  G  ' 

to  550  F,  7  hours  cooling  to  below  200  F.  Parts  were  post-cured  under 
helium  atmosphere. 

V.  24  hours' at  600°F,  24  hours  at  650°F,  24  hours  at  700°F,  6  hours  at 

750  F,  6  hours  at  800  F,  6  hours  at  850°F,  1^  hours  between  temperatures, 
18  hours  cooling  to  room  temperature. 

VI.  18  hours  at  275°F,  108  hours  from  275°F  to  550°F,  6  hours  at  550°F, 

7  hours  cooling  to  below  200  F,  parts  were  post-cured  in  Argon  atmosphere 

VII.  17  hours  at  275°F,  6  hours  from  275°F  to  400°F,  1  hour  at  400°F.  7  hours 

cooling  to  below  200°F. 

VIII.  24  hours  at  375°F,  24  hours  at  475  F,  24  hours  at  575°F  (6  hours  between 
temperatures),  7  hours  cooling  to  below  200  F. 

IX.  18  hours  at  275°F,  72  hours  from  275°  to  400°F,  4  hours  at  400°F,  4  hours 
at  425°F,  7  hours  cooling  to  below  200°F. 

X.  18  hours  at  275°F,  /2  hours  from  275°  to  450°F,  6  hours  at  450°F,  cool 
to  below  200  F.  Parts  post-cured  in  a  nitrogen  atmosphere. 

XI.  16  hours  room  temperature  to  275°F,  17  hours  at  275°F,  6  hours  from 
275°  to  400°F,  1  hour  at  400°F,  7  hours  cooling  to  below  200°F. 
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NOZZLE 

NUMBER 

TIME 

(•ec.) 

HAXIHUH 

CHAMBER 

PRESSURE 

(p»l«) 

ORIGINAL 

THROAT 

DIAHETER 

(Inch) 

MINIM  UH 
CHAMBER 
PRESSURE 
<P»i«) 

TOTAL 

PLOW 

RATE 

(lb/ 

»ecl 

458 

54.2 

570 

.500 

156 

.5902 

464 

53.2 

563 

.500 

149 

.5918 

469 

52.8 

594 

.500 

143 

.5822 

470 

55.2 

595 

.500 

149 

,5953 

491 

54.9 

598 

.502 

K? 

.5868 

506 

50.5 

613 

.498 

150 

.5932 

508 

52.8 

547 

.500 

138 

.5801 

S10 

36.6 

584 

.500 

148 

.5924 

511 

50.4 

619 

.500 

151 

.5913 

512 

43.3 

606 

.503 

151 

.5924 

513 

32.0 

428 

.593 

149 

.5994 

521 

48.8 

493 

.500 

153 

.5966 

523 

48.7 

574 

.500 

150 

.6000 

529 

43.1 

596 

.499 

149 

.5913 

530 

47.3 

605 

.500 

150 

.5941 

531 

40.1 

561 

.500 

150 

.5883 

532 

42.2 

572 

.500 

152 

.5934 

533 

36.3 

561 

.500 

145 

.5961 

534 

63.1 

581 

.500 

101 

.5966 

536 

56.6 

511 

.500 

14v 

.5916 

537 

58.0 

587 

.500 

137 

.5875 

538 

35.3 

590 

.500 

150 

.5929 

539 

36.0 

584 

.500 

148 

.5914 

540 

54.6 

584 

.500 

154 

.5950 

542 

50.8 

567 

.500 

152 

.5902 

543 

51.3 

583 

.500 

150 

.5906 

544 

53.0 

613 

.499 

152 

.6037 

545 

23.8 

566 

.499 

140 

.5940 

546 

44.0 

566 

.499 

150 

.5997 

547 

44.3 

566 

.499 

150 

.5916 

TABLE  III 

CALCULATED  AND  MEASURED  VALUES  USED  IN  EROSION  PROPERTY  ANALYSIS 
i  SOLID  PROPELLANT  SIMULATOR 


CALC. 

JTHROAT 

AREA 

300  gala 
(in2) 

CALC. 

THROAT 

RADIUS 

300  psla 
(Inch) 

CALC. 

EROSION 

RATE 

300  psla 
(mlls/aec) 

TIME 

250 

psla 

(sec) 

CALC. 

THROAT 

AREA 

250  psla 
(in2) 

CALC. 

THROAT 

RADIUS 

250  psla 
(Inc’ ) 

CALC, 

EROSION 

RATE 

250  psla 
(mil  e/ ro:'. 

TIME 

200 

psla 

(sec) 

CALC. 

THROAT 

AREA 

200  DGifl 

(In*) 

CALC. 

THROAT 

RADIUS 

200  psla 
(lnc65 

CALCe 

EROSION 

RATE 

200  pale 
(mlls/sec) 

TIME 

150 

psla 

(sec) 

CALC. 

THROAT 

AREA 

150  psla 
_  (In2) 

S'  .3047 

.3115 

4.24 

22.0 

.3656 

.3410 

4.14 

32.5 

.4570 

.3815 

4.05 

5-. 2* 

.6093* 

.3055 

.3119 

3.62 

24.4 

.3666 

.3417 

3.76 

35.3 

.4582 

.3819 

3.73 

52.3 

'.6110 

t  .3006 

.3094 

J  .88 

22.2 

.3607 

.3388 

4.00 

32.4 

.4508 

.3789 

3.98 

51.6 

.6011 

.  .3073 

.3128 

3.61 

23.6 

.3688 

.3427 

3.93 

33.9 

.4610 

.3831 

3.93 

54.0 

.6146 

Ik3029 

.3106 

3.66 

24.0 

.3635 

.3401 

3.71 

35,8 

.4544 

.3303 

3.61 

54.'. 

.6058 

S%3062 

.3122 

2.98 

28.8 

.3674 

.3420 

3.23 

41.4 

.4593 

.3825 

3.22 

49.7 

.6124 

S  .2995 

.308b 

3.92 

21.4 

.3594 

.3384 

4.13 

30.2 

.4492 

.3763 

4.18 

48.3 

.5989 

:  .3058 

.3120 

4.43 

17.7 

.3670 

.3418 

5.19 

23.3 

.4587 

.3822 

5.67 

34.8 

.6116 

.3052 

.3118 

3.57 

23.6 

.2663 

.3415 

3.88 

34.6 

.4578 

.3817 

3.81 

50.4* 

.6105* 

:  .3058 

.3120 

4.26 

20  2 

.3670 

.3418 

4.47 

27.3 

.4587 

.3822 

4.79 

43.3* 

.6116* 

:  .3094 

3140 

6  73 

10.9 

.3713 

.3438 

4.34 

19.8 

.464' 

.3845 

4.44 

32.0 

.6188 

:  .3080 

.3131 

3.90 

22.8 

.3696 

.3430 

4.08 

33.2 

.4620 

.3835 

4.02 

48.8* 

•61p3* 

.3097 

.3140 

4.35 

20.8 

.3717 

.3440 

4.52 

31.1 

.4646 

.3846 

4.33 

48.7 

.6195 

.3052 

.3118 

4.24 

20.4 

.3663 

.3415 

4.51 

28.5 

.4578 

.3817 

4.64 

42.8 

.6105 

i  .3067 

.3125 

4.11 

21.2 

.3680 

.3423 

4.15 

30.1 

.4600 

.3827 

4.41 

47.0 

.6133 

.3037 

.3109 

5.16 

16.8 

.3644 

.3406 

8.39 

24.8 

.4555 

.3808 

5.27 

39.0 

.6073 

.3063 

.3123 

4.58 

20.7 

.3676 

.3421 

4.49 

27.7 

.4595 

.3825 

4.82 

42.4* 

.6127* 

1  .3077 

.3130 

5.00 

17.0 

.3692 

.3430 

5.47 

24.1 

.4616 

.3832 

5.53 

34.n 

.6154 

.3080 

.3131 

4.74 

17.8 

.3696 

.3430 

5.22 

24.1 

.4620 

.3835 

5.54 

37.2 

.6159 

.3054 

.3118 

3.15 

28.8 

.3665 

.3415 

3.18 

41.2 

.4581 

.3817 

3.20 

56.0 

.6108 

S  .3033 

.3107 

3.05 

26.1 

.3639 

.3401 

3.45 

34.7 

.4549 

.3806 

3.76 

51.6 

.606‘ 

\  .3061 

.3121 

5.75 

15.9 

.3673 

.3419 

5.78 

?3. 5 

.4591 

.3823 

5.63 

35.2 

.6121 

■  .3053 

.3118 

5.42 

16.1 

.3663 

.3415 

5.68 

23.0 

.4579 

.3817 

5.73 

33.7 

.6105 

.3071 

.3127 

3.52 

25.9 

.3686 

.3426 

3.58 

38.0 

.4607 

.3330 

3.50 

‘4.7* 

.6143* 

.3047 

.3115 

3.64 

23.3 

.3656 

.3416 

3.91 

34.7 

.4570 

.381H 

3.79 

50.9* 

.6093* 

.3049 

.3115 

3.84 

24.4 

.3658 

.3413 

3.74 

35.4 

.4573 

.38!' 

3.72 

51.3 

.6097 

.3116 

.3150 

3.39 

26.4 

.3740 

.3450 

3.62 

37.5 

.4674 

.3856 

3.63 

53.1* 

.6233* 

.3066 

.3124 

6.42 

12.5 

.3680 

.3423 

7.38 

16.3 

.4600 

.3826 

8.17 

22.5 

.6133 

.3096  — 

"  .3139 

5.03 

18.6 

.3715 

.3439 

5.08 

25.9 

.4644 

.38^5 

5.21 

41.3 

.6192 

.3054 

.3118 

4.72 

19.6 

.3665 

.3415 

4.69 

29.0 

.4581 

.3817 

4.56 

44.3 

.6108 

^Calculated  at  chamber  pressure  at  term 


VLC. 

IRjOAT 

EA 

1  P6i» 

CALC. 

THROAT 

RADIUS 

150  psla 
(Inch! 

CnLC. 

EROSICM 

RATE 

150  pci* 
(mlls/*ec) 

NOZZ.X 
HIM  BCR 

MATERIAL 

RESIN/REINPORCEMENT 

o093* 

.4405* 

3.51* 

458 

2,  7-dlhydroxynaphthalenc  phenol  formaldehyde  (B2353-36)  44.47.  Carbon  Cloth  (CCA-1) 

.6110 

.4411 

3.65 

464 

2.  7-dihydroxynaphthalcno  phenol  formaldehyde  (B2353-41)  39.7%  Ca**bon  Cloth  (CCa-1) 

.6011 

.4375 

3.b3 

463 

Polyphenylene  (B2353-42)  1000-1500  HW,  39.9%/Carbon  Cloth  (CCA-1) 

6166 

.4425 

3.56 

470 

Polyphenylene  (B2353-42)  1000-1500  HI,  40.2%/Carbon  Cloth  (CCA-1) 

6058 

.4391 

3.46 

491 

P-phenylpheno!  phenol  formaldehyde  (B2353-40)  40.41/Carbon  Cloth  (CCA-1) 

6126 

.4416 

3.83 

506 

Phenolic  (CTL  91LD)  41 ,2%/Graphlte  Cloth  G1550  (uncoated) 

>989 

.4368 

3.86 

503 

Phenolic  (CTL  91LD)  4«. 7%/Carbon  Cloth  (CCA-1) 

o  1 1 6 

.4412 

5.49 

no 

Polybsn..  Imidazole  (Imldl.e  4834)  (1)  30.8%/C*rb_..  Cloth  (CCA-1) 

.6105* 

.4403* 

3.79* 

511 

Polybenzimidazole  (Imldlte  4834)  30.8%/Carbon  Cloth  (CCA-1) 

.6116* 

.4412* 

4.38* 

512 

Polybenzimidazole  (Imldlte  4834)  ^  30.8%/Carbon  Cloth  (CCA-1) 

-188 

.4438 

4.60 

513 

Polyber.almldezole  (Iuldlte  4834)  30.8%/Carbon  C .uth  (CCA-1) 

>159* 

.4427* 

3.95* 

521 

Polyphenylene  (ABCHAR  413)  1000,-1500  MW  40%/Carbon  Cloth  (CCA-1) 

>195 

.4441 

3.99 

523 

Phenolic  (CTL  91LD)  42.8%/Carbon  Cloth  (CCA-1),  low  alkalinity  (SS-1641) 

.105 

.4403 

4.47 

529 

Phenolic  (91-LD)  42.0’ /Carbon  Cloth  (CCA-1) 

•133 

.4419 

4.08 

5’0 

Phenolic  (91-LD)  41 . 4%/Carbon  Cloth  (CCA-1) 

073 

.4397 

4.86 

531 

Polyphenylene  (ABCHAR  412)  38%/Carbon  Cloth  (CC/vl) 

127 

.4416* 

4.52* 

532 

Polyphenylene  (AB~HAR  412)  38.5%/Carboi.  Cloth  (CCA-1) 

154 

.4426 

5.52 

533 

PBI  Polybenzimld.zole  AFR-151  (Imldlte  2803)  38.0%/Carbon  Cloth  (CCA-1) 

.159 

.**427 

5.18 

534 

PBI  Polybenzimidazole  AFR-151  (Imldlte  2803)  38.0%/C*ibon  Cloth  (CCA-1) 

,108 

.4408 

3.41 

536 

Phenolic  (91-LD)  4u, 3%/Graphite  Cloth  Ci550  (uncoated) 

*065 

.4395 

3.67 

537 

Phenolic  (91-LD)  39.7%/Graphltc  Cloth  G1550  (uncoated) 

..>121 

.4414 

5.44 

538 

Phosphonltrillc  (PH  990)  40.4%/Carbon  Cloth  (CCA-1) 

6105 

.4408 

5.66 

539 

FhoophonltrUlc  <P1I  990)  39.9%/Carbon  Cloth  (CCA-1) 

6143* 

.4423* 

3.52* 

540 

Epoxy  novolac  (DEN  438>  30.3%/Carbon  Cloth  (CCA-1) 

8093* 

.4405* 

3.74* 

542 

Polyphenylene  (ABCHAR  413)  37. 6%/Carbon  Cloth  (CCA-1) 

6097 

.4406 

3.72 

543 

Polyphenylene  (ABCHAR  413)  38.3%/Carbon  Cloth  (CCA-1) 

5233* 

.4454* 

3.70* 

544 

Epoxy  novolac  (DEN  438)  28.8%/Carbon  Cloth  (CCA-1) 

6133 

.4418 

8.55 

545 

Skygard  700  41 ,2%/v.ecoou  uuwi  (CC.“.  1) 

.6192 

.4439 

4.71 

546 

2,2-Ble  (p-.iydrnxyphenyl)  proptne-pnenolformaldehyde  40.5%/Cerbon  Cloth  (CCA-1) 

.6108 

.4410 

4.31 

547  2,2-Bld  rp-hydeoxyphenyl)  propane-phenol  formaldehyde  40.8%/Cerbon  Cloth  (CCA-1) 

("/^Impregnated  wit  Sylgard  182. 

(A,! Impregnated  with  SUlcone  (R-7146). 

rc  ac  cermnation  of 

test . 

'jjj  Impregnated  with  e^jzy  novolac  (DEN  43C  . 

V.M) Impregnated  with  cyclic  silicone  epoxy  (OZ  8-09C3).  -30- 

TABLE  IV 


POST  TEST  NOZZLE  EROSION  EVALUATION 
ABLATIVE  NOZZLE  CHARACTERIZATION 


Nozzle 

Number 


(1) 


Char  Depth 
(in.) 


^ Resin 
Degradation 
Rate 

(mils/sec) 


*453 

0.45 

12.01 

Notes 

*464 

0.47 

to 

0.54 

12.52 

to 

13.85 

(1) 

Char  depth  measured  at  resultant 

*469 

0.50 

13.01 

throat  with  6  inch  scale. 

*470 

0.50 

to 

0.52 

12.70 

to 

13.05 

(2) 

Resin  degradation  rate  (d)  cal- 

*491 

0.45 

11.66 

oulated  by  adding  calculated 

*506 

0.45 

to 

0.50 

12.79 

to 

13.78 

erosion  rate  and  char  depth  rate 

*508 

0.48 

12.96 

(3)* 

Nozzles  so  marked  experienced 

*510 

0.40  ' 

16.41 

degradation  extending  past  inser 
and  into  phenolic. 

*511 

*512 

513 

0.47 

0.45 

0.42 

to 

0.53 

13.12 

14.73 

1~.72 

to 

14.30 

_ 

* 

< 

IT  y  ~  “3-^Char 

*52J 

0.45 

to 

0.50 

13.17 

to 

14.20 

x  r x  )  Layer 

*523 

*529 

0.45 

0.42 

to 

0.45 

13.43 

14.21 

to 

14.90 

A  .  ij.1 

d  =  -  +  £ 

*530 

0.45 

13.59 

where 

*531 

0.35 

to 

0.40 

13.58 

to 

14.82 

532 

0.40 

14.01 

x  =  erosion 

533 

0.40 

16.53 

y  =  char  depth 

*534 

0.40 

to 

0.45 

11.52 

to 

12.30 

t  =  run  time 

*536 

0.57 

13.47 

*537 

0.45 

to 

0.55 

11.43 

to 

13.16 

538 

0.38 

to 

0.44 

16.19 

to 

17.89 

539 

0.37 

to 

0.43 

15.94 

to 

17.60 

*540 

0.49 

12.50 

*542 

0.51 

to 

0.54 

13.78 

to 

14.36 

*543 

0.52 

13.78 

*544 

0.55 

i4.09 

545 

0.25 

19.05 

546 

0.40 

13.^1 

*547 

0.3 

to 

0.5 

11  .09 

f*r» 

15.61 

-31- 


TABLE  V 


TOST  TEST  NOZZLE  VISUAL  EVALUATION 
ABLATIVE  NOZZLE  CHARACTERIZATION 


Nozzle 


Bore  rough, 
Bore  rough, 
spalling 
Bore  rough, 
Bore  rough, 
spalling  • 
Bore  rough, 
Bore  smooth 
Bore  rough. 
Bore  smooth 
Bore  smooch 
Bore  smooth 
Bore  rough, 
Bore  rough, 
Bore  smooth 
Bore  rough, 
spalling 
Bore  rough. 
Bore  s sooth 
spalling 
Bore  rough, 
spalling 
Bore  rough, 
spalling 
Bore  smooth 
Bore  smooth 
Bore  smooth 
Bore  smooth 
Bore  smooth 
spalling 
Bore  rough, 
Bore  rough, 
Bore  rough, 
Bore  rough, 
Rough  bore, 
Bore  smooth 
Bore  smooth 


Evaluation 

even  erosion,  cylindrical  cracks,  slight  spalling 
uneven  erosion,  cylindrical  cracks,  slight 

even  erosion,  slight  cylindrical  cracks 

even  erosion,  slight  cylindrical  cracking,  slight 

even  erosion,  slight  cylindrical  cracks 

,  uneven  erosion,  slight  spalling 
even  erosion,  cylindrical  cracks 
,  even  erosion,  laminations 
,  even  erosion,  slight  spalling 
,  even  erosion,  slight  spalling 

even  erosion,  cylindrical  cracks  and  slight  spalling 
even  erosion,  cylindrical  cracks 
,  even  erosion,  2  cylindrical  cracks 
even  erosion,  slight  cylindrical  cracks,  slight 

even  erosion,  slight  cylindrical  cracks 

,  ever,  arosicr.,  several  cylindrical  cracks,  slight 

even  erosion,  slight  cylindrical  cracks,  slight 

even  erosion,  slight  cylindrical  cracks  and  slight 

,  even  erosion 

,  uneven  erosion,  heavy  spalling 
,  uneven  erosion,  slight  spalling 
,  even  erosion,  slight  cylindrical  cracks 
,  even  erosion,  slight  cylindrical  cracks,  slight 

even  erosion,  and  cylindrical  cracks 
even  ero»sion,  wide  cylindrical  cracks 
uneven  erosion,  cylindrical  cracks 
uneven  erosion,  cylindrical  cracks  and  spalling 
uneven  erosion,  laminations,  and  slight  spalling 
,  uneven  erosion,  slight  cylindrical  cracks 
,  even  erosion 


TABLE  VI 

SOLID  PROPELLANT  SIMULATOR  PERFORMANCE  DATA 
ABLATIVE  NOZZLE  CHARACTERIZATION 


Total 

Oxygen 

Hydrogen 

Nitrogen 

Slurry 

Nozzle 

Flow 

Flow 

Flow 

Flow 

Flow 

Number 

Rate 

Rate 

*  Rate 

Rate 

R3te 

(lb/sec) 

(lb/sec) 

(lb/sec) 

(lb/sec') 

(lb /sec) 

458 

.5902 

.2124 

.0142 

.0514 

.3122 

464 

.5918 

.2127 

.0139 

.0526 

.3126 

469 

.5822 

.2091 

.0139 

.0504 

.3088 

470 

.5952 

.2169 

.0143 

.0522 

.3118 

491 

.5868 

.2107 

.0138 

.0507 

.3116 

506 

.5932 

.2142 

.0145 

.0520 

..3125 

508 

.5801 

.2066 

.0136 

.0511 

.3088' 

510 

.5.924 

.2164 

.0144 

.0526 

.3091 

511 

.5913 

.2142 

.0141 

.0513 

.3116 

512 

.5924 

.2135 

.0141 

.0513 

.3137 

513 

.5994 

.2191 

.0137 

.0520 

.3146 

521 

.5966 

.2169  “ 

.0146 

.0516 

.3135 

523 

.6000 

'  .2181 

.0144 

.0521 

.3154 

529 

.5913 

.2147 

.0138 

.0515 

.3113 

530 

.5941 

.2130 

.0144 

.0517 

.3150 

531 

.5883 

.2136 

.0142 

.0517 

.3088 

532 

.5934 

.2162 

.0143 

.0517 

.3112 

533 

,5961 

.2182 

.0141 

.0510 

.3128 

534 

.5966 

.2172 

.0142 

.0514 

.3138 

536 

...  .5916 

.2152 

.0.142 

.0506 

.3116. 

537 

.5875 

.2110 

.0142 

.0507 

.3116 

538 

.5929 

.2150 

.0139 

.0504 

.3136 

539 

.5914 

.2142 

.0139 

.0511 

.3122 

540 

.5950 

.2176 

.0142 

.0516 

.3116 

542 

.5902 

.2141 

.0139 

.0506 

.3116 

543 

.5906 

.2116 

.0142 

.0515 

-^3135 

544 

.6037 

.2214 

.0141 

.0519 

.3163 

545 

.5940 

.2157 

.0139 

.0508 

.3136 

546 

.5997 

.2193 

.0139 

.0511 

.3154 

547 

.5916 

.2116 

.0138 

.0508 

.3154 

i 


yv  * 


j 


i:§ 


m.m: 

NUMBER 


TIME 

(SEC) 


maximum 

08ICIUM. 

MINIMUM 

TIME 

CALCU1ATED 

CALCULATED 

CA1C0LATED 

CHAMBER 

THROAT 

CHAMBER 

TOTAL 

250 

raROAT  AREA 

throat  radius 

EROSION  RATE 

TIME 

PRESSURE 

UlAWnSR 

PRESSURE 

PLCMKATJE 

PSXA 

250  »SIA 

250  PStA 

250  PSIA 

200  PS 

IPSIA) 

(IN.) 

(PSXA) 

(LB/S EC) 

(SEC) 

(BO 

(IN) 

(MILS/SEC) 

(SEC) 

I 


*54 

84.40 

360 

0.5012 

100 

0.3503 

20.6 

0.2563 

0.27*2 

1.15 

'474 

(77.10 

161 

0.5002 

101 

,.3492 

24.0 

0.2356 

0.2738 

0.82 

548 

184.0 

3A1 

0.5007 

iOO 

0.3518 

32.0 

0.2373 

0.27*8 

0.76 

549 

233.3 

373 

0.4924 

122 

0.5529 

39.5 

0.2381 

0.2753 

0.74 

550 

229.8 

343 

0 .5004 

100 

0.3484 

*7.0 

0.2351 

0.2736 

0.50 

>51 

171.6 

330 

0.5005 

)60 

0.35)0 

36.3 

0,2368 

0.27*6 

0.67 

552 

182.3 

315 

3.5007 

136 

0.3502 

30.5 

0.2303 

0.27*2 

0.78 

553 

212.8 

305 

0.5008 

152 

0.3438 

71.  S 

0.2353 

0.2737 

0.33 

554 

213.8 

315 

0.5012 

100 

0.3480 

*8.6 

0.2348 

0.2734 

0.47 

5SS 

41.0 

1*20 

0.51.09 

3W 

0.3508 

557 

J8.0 

397 

0.50b6 

310 

0.3697 

55f* 

350.0 

343 

0.5017 

100 

0.3480 

25.3 

0,2352 

0.2736 

0.90 

559 

18S.A 

340 

0.5623 

100 

0.3496 

29.0 

0.2359 

0.2740 

0.79 

551 

12.3 

320 

0.503* 

114 

0.35X4 

4.0 

0.2371 

0.27*7 

5./6 

552^ 

55.5 

342 

0.5080 

106 

0.3518 

23.0 

0.2373 

0,2748 

0.9! 

555 

385.8 

333 

0.5038 

100 

0.3515 

65.3 

0..2371 

0.27*7 

0.35 

567 

134  .0 

37' 

0.5032 

208 

0.3SC9 

83.0 

0,2367 

0.27*5 

0,28 

570 

239.5 

33S 

0.5019 

109 

0.3501 

56.5 

0.2362 

0.2742 

0.41 

5V,\ 

190.9 

337 

0.5012 

100 

0,3495 

40,5 

C.236I 

0.2741 

0.57 

409 

30,4 

38* 

0.502? 

100 

0  .>307 

8.3 

0.23*0 

0.2732 

2.65 

u 

r! 


M 


,1 

*  i 

-*// 

■% 


i 

■i 


9 

$ 

■3 
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TABLE  IX 

CALCULATED  AND  MEASURED  VALUES  USED  IN  EROSION  PROPERTY  ANALYSIS 
LIQUID  PROPELLANT  TEST  SERIES 

CALCULATED  CALCULATED  CALCULATED  CALCULATED  CALCULATED  CALCULATED 

TIME  THROAT  AREA  THROAT  RADIUS  EROSION  RATF  TIME  THROAT  AREA  THROAT  RADIUS  EROSION  RATE 

200  PSIA  200  J?SIA  200  PSIA  200  P3IA  150  PSIA  150  PSIA  150  PSIA  150  PSIA 

(SEC)  (IN')  (IN)  (MILS/SEC)  (SEC)  (IN5)  (IN)  (MILS/SEC) 


TIME 
100  PSIA 
(SEC) 


CALCULATED 
THROAT  AREA 
100  PSIA 
(IN  A 


34.8 

0.2954 

0.3066 

1.61 

55.0 

0.3939 

0.3540 

1.88 

84.4 

0.5908  | 

54.3 

0.7945 

0.3062 

1.03 

94.0 

0.3926 

0.3535 

1.10 

177.1* 

0.5768*  I 

57. C 

0.2967 

0.3073 

0.99 

104.5 

0.3956 

0.3548 

1.00 

184.0 

0.5934  | 

65.5 

0.2976 

0.3078 

0.94 

102.5 

0.3968 

0.3553 

1.06 

233.3* 

0.1596*  1 

73.0 

0.2938 

0.3058 

0.76 

117.3 

0.3918 

0.3531 

0.85 

229.8 

0.5876 

68.2 

0.2960 

0.3070 

0.83 

102.5 

0.3947 

0.3543 

1.02 

171.6 

0.5920  1 

52.3 

0.2953 

0.2066 

1.08 

94.0 

0.3938 

0.3540 

1.10 

182.3* 

0.3175*  [ 

105.5 

0.2942 

0.3060 

0.53 

212.8* 

0.2775*  | 

83.2 

0.2935 

0.3056 

0.66 

164.0 

0.3913 

0.3529 

0.62 

213.8 

r 

0.5870  | 

41.0* 

0.0954* 

38.0* 

0.1486* 

50.0 

0.2940 

0.3059 

1.10 

83.5 

0.3920 

0.3532 

1.23 

150.0 

0.5880 

5?. 2 

0.2948 

0.3063 

0.93 

104.8 

0.3931 

0.3536 

0.98 

188.8 

0.5897 

5.5 

_  0.2963 

0.3071 

10.07 

8.3 

0.3951 

0.3546 

12.40 

12.3* 

0.5217* 

21.5 

0.2967' 

0.3073 

1.69 

41.2 

0.3956 

0.3548 

2.45 

65.5 

0.5934 

97.0 

0.2964 

0  .3072 

0,57 

124.0 

C.3952 

0.3546 

9.83 

185.8 

0.5929 

134.0* 

0.1879*  j| 

119. 3 

0.2952 

0.3065 

0.47 

195.5 

0,393) 

0.3539 

0.52 

239.6* 

0.5437*  I 

82.0 

0.2V 5 I 

0.3065 

0.67 

125.0 

0.3934 

0.3538 

0.82 

190.9 

0.5902  p 

13.2 

0.2532 

0.3055 

4.11 

18.7 

0.3910 

0.3526 

5,42 

-30.4  _ 

0.5865  i 

ALCULATED 
MROAT  AREA 
100  PSIA 
(IN2) 

CALCULATED 
THROAT  RADIUS 
100  PSIA 
(IN) 

CALCULATED 
EROSION  RATE 
100  PSIA' 
(MILS/SEC) 

NOZZLE 

NUMBER 

MATERIAL 

RESIN/REINFORCEHENT 

0.5908 

0.4337 

2.17 

454 

Polylalde  1-8  N.A./Refraall  Cloth  (C100-48) 

0.5768* 

0.4284* 

1.01* 

474 

Polyphenylene  (B2353-42)  4 11/Ref real 1  Cloth  (C100-48) 

0.5934 

0.4346 

1.00 

548 

2,2-Bla  (p-hydroxynhenyl)  propane-phenolformaldehyde,  42. 21/Ref raall  Cloth 

(C100-48) 

0.1596* 

0.2254* 

-0.09* 

549 

Polybcnz Imidazole  AFR-151  (Iaiidite  2803)  40.42/Refraall  Cloth  (C100-48) 

0.5876 

0.4324 

0.79 

550 

Polybonz Imidazole  AFR-151  (Imldlte  2803)  39.81/Refraall  Cloth  (C100-48) 

0.5920 

D.4J40 

l;07 

551 

2,2-blc  (p-hydroxyphenyl)  propane-phenolformaldehyde,  39.4l/Refraall  Cloth 

(U100-48) 

0.3175* 

'  0.3179* 

0.37* 

552 

Phenolic  (91LD)  41.  U/Refraall  Cloth  (C100-48) 

0.2775* 

0.2972* 

0.22* 

553 

Phenolic  (9&D)  40.31/Refraall  Cloth  (C100-48) 

0.5870 

0.4322 

0.85 

554 

Phf nolle  (91LD)  38.41/Refraail  Cloth  (C100-48) 

0.0954* 

0.1743* 

-1-.86* 

556 

Epoxy  novolac  (DEN  438)  32. 11/Ref raall  Cloth  (C100-48) 

0.1486* 

0.2175* 

-0.94* 

557 

Epoxy  novolac  (DEN  438)  31.91/Ref rasll  Cloth  (C100-48) 

0.5880 

0.4326 

1.21 

558 

Polyphenylene  (ABCHAR  413)  (1)  N.A./Refraall  Cloth  (C100-48) 

0.5897 

0.43. 

0.96 

559 

Polyphenylene  (ABCHAR  413)  (1>  N.A./Refraall  Cloth  (C100-48) 

-0.5217* 

0.40i 

12.67* 

561 

Epoxy  hovolnc  (DEN  438)  21.8-32.01/Boron  flbera 

0.5934 

0.4346 

2.76 

562 

Polyphenylene  (ABCHAR  413)  (1)  N.A./Refraall  Cloth  (C100-48) 

0.5929 

0.4355 

0.99 

566 

Phenolic  (91LD)  36.01/ Aatroquartz  #570 

0.1879* 

0.2446* 

-0.05* 

567 

Phenolic  (91LD)  36. 61/ Aatroquartz  #570 

0.5437* 

0.4160* 

0 .69* 

570 

Phenolic  (91LD)  36.51/Aatroall  11341-B 

0.5902 

0.4334 

0.96 

571 

Phenolic  (91LD)  35.01/Aatroall  11341-B 

0.5865 

0.4359 

6.07 

409 

CCA-l/Polybenzlaildazble  (lotdltc) 

•Calculated  et  chamber  praaaure  at  termlnotlon  of  teat 
(l)Includea  Para-polyphenylene  (ABCHAR  600)  filler.  See  Table  IB. 
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TABLE  X 

MOTOR  PERFORMANCE  DATA 
ABLATIVE  NOZZLE  CHARACTERIZATION 

Liquid  Propellant  Test  Series 


NOZZLE 

NUMBER 

TOTAL 

FLOW  RATE 
(lb. /sec.) 

NTO 

FLOW  RATE 
(lb. /sec.) 

50/50 

FLOW  RATE 
(lb. /sec .) 

MIXTURE 

RATIO 

454 

0.3503 

0.2156 

0.1347 

1.6006 

474 

0.3492 

0.2156 

0.1336 

1.6138 

548 

0.3518 

0.2166 

0.1352 

1.6021 

549 

0.3529 

0.2169 

0 . 1350 

1.5948 

550 

0.3484 

0.2144 

0.1340 

1 . 6000 

551 

0.3510 

0.2171 

0.1339 

1.6214 

552 

0,3502 

0.2154 

0.1348 

1.5979 

553 

0.3488 

0.2140 

0.1348 

1.5875 

554 

0.3480 

0.2131 

0.1349 

1.5797 

556 

0.3508 

0.2166 

0.2342 

1.6140 

557 

0.3497 

0.2248 

0 . 1349 

1.5923 

558 

0.3486 

0.2139 

0,134? 

1,5880 

559 

0.3496 

0.2147 

0,1349 

1,5915 

561 

0.3514 

0.2168 

0.1346 

*  . 

X .6307 

562 

0.3518 

0,2162 

.C  .1356 

1.5944 

566 

0.3515 

0.2174 

0.1341 

1.6218 

567 

0.3509 

0.2161  .  '  " 

0.1348 

1.6031 

570 

0.3501 

0.2161 

0.1340 

1.6127 

571 

0.3499 

0.2159 

0 , 1340 

1.6X12 

'  tiri.nj  wqjfrwv-e-  -a.  •M.+t* 


TABLE  XI 


POST  TEST  NOZZLE  EROSION  EVALUATION 
ABLATIVE  NOZZLE  CHARACTERIZATION 

Liquid  Propellant  Test  Series 


NOZZLE 

NUMBER 


CHAR 

DEPTH 

(in.) 


RESINV  ' 
DEGRADATION 
RATE 

(mila/sec.) 


0.00455 


NOTES: 


0.50  (0.15)* 
0.70  (0.20)* 


0.00383 


0.00481 


Not  Measurable 


0.50  (0.15)* 
0.45  (0.10)* 


0.00297 


0.00370 


(1)  Chat  depth  Treasured 
at  resultant  throat. 

(2)  Resin  degradation  rate 
(d)  calculated  by  adding 
.calculated  erosion  rate 
end  char  lepth  rate. 


Net  Measurable 


0.65  (0.20)* 
0.55  (0.20)* 


0.00328 


0.00389 


0.00669 


Original  Nozzle  Profile 


0.60  (0.10)* 
0.60  (0.20)* 


0.00572 


0.00522 


0.00414 


0.02500 


d 

t  t 


Where : 


x  *  Erosion 
y  *  Char  Depth 
t  -  Run  Time 


0.00893 


0.50  (0.15)* 


0.00369 


0.00369 


0.70  (0.25)* 


0.00361 


0.35  (0.05)* 


0.00279 


*  (  )  Amount  of  char  depth  in  specimen  holder. 
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TABLE  XII 


I 


POST  TEST  SPECIMEN  VISUAL  EVALUATION 
ABLATIVE  NOZZLE  CHARACTERIZATION. 

Liquid  Propellant  Test  Scries 


I 


NOZZLE 


EVALUATION 


A  54 


Smooth,  oven  erosion  with  a  thick  molten  resin  coating 
covering  throat,  laminations  visible. 


£74 


Smooth,  even  erosion  with  a  slight  molten  resin  coating. 


548  Molten  leading  edge  that  has  started  to  collapse  unevenly; 
moltpn  resin  coating  on  throat  with  a  20°  sector  streak  at 
1  o'clock  position; 

549  Test  noeciren  completely  washed  out. 


550  Smooth,,  even  erosion  with  a  slight  molten  resin  coating. 


551 

552 

553  _~ 

554 

556 

557 

558 

559 

561 

562 
566 


Smc^-h,  even  erosion  with  a  slight  molten  resin  coating. 
Test  specimen  completely  washed  out. 

Smooth,  even  erosion  with  a  slight  molten  resin  coating; 
some  uneven  erosion  due  to  a  20°  sector  streak  at  the 
5  o'clock  position. 

Smooth,  even  erosion  with  a  slight  molten  resin  coating; 
some  uneven  erosion  due  to  a  15°  sector  streak  at  the 
5  o'clock  position. 


Molten  leading  edge  collapsed  toward  the  throat:  a  thick 
coating  of  molten  resin  in  throat. 

Leading  edge  undercut,  molten,  and  partiallv  collapsed 
toward  throat,  slight  spalling. 

Smooth,  oven  erosion  except  lor  15°  sector  streak  at 
5  o'clrvk  position,  molten  resin  coated. 

Molten  leading  edge  with  slight  collapsing  toward  throat, 
light  molten  resin  on  throat  with  one  deep  spall. 


Slight  spalling,  laminations  visible  with  no  resin  coating. 
Medium  spelling  with  a  slight  molten  resin  coating. 

Smooth,  even  erosion  with  a  molten  resin  coating. 


! 
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TABLE  XII  (CONTINUED) 


POST  TEST  SPECIMEN  VISUAL  EVALUATION 
ABLATIVE  NOZZLE  CHARACTERIZATION 

Liquid  Propellant  Teat  Series 


NOZZLE 

567 

570 


EVALUATION 


Molten  leading  edge  with  slight  collapsing  toward  throat, 
smooth  molten  resin  coating. 

Leading  edge  undercut  deep Iv-artf-pf.Tfi 2 llT  washed  *w*yr~~ 
'surface  smooth  with  a  thin  molten  .resin  coating.  __  - 


571 


Smooth,  even  erosion  with  a  molten  resin  coating. 


FIGURE  1.  AEROTHERKOCHEMICAL  LABORATORY 


FIGURE  2,  ATC  TEST  CELL  6  CONTROL  ROOM 
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FIGURE  3.  TEST  SIMULATOR  FIRING 
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FIGURE  6.  TYPICAL  TEST  NOZZLE  SPECIMEN  SCHEMATIC 
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FICUS*  «.  AS 9  NOZZLE  458  -  CHAMBER  PRESSURE  VS 


009 


(rjsd)  aunSS3H<J  mWVHD 
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FIGURE  10.  ASD  N0Z7LE  *69  -  CHAMBER  PRESSURE  VS.  TIME 
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FIGURE  12.  ASD  NOZZLE  491  -  CHAMBER  PRESSURE  VS 
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FIGURE  14.  ASD  NOZZLE  508  -  CHAMBER  PRESSURE  VS 
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FIGURE  16.  ASD  NOZZLE  511  -  CHAMBER  PRESSURE  VS 
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FIGURE  18.  ASD  NOZZLE  513  -  CHAMBER  PRESSURE  VS 


FIGURE  .  ASD  NOZZLE  521  -  CHAMBER  PRESSURE  VS  i  TIME 


FIGURE  22.  ASD  NOZZLE  530  -  CHAMBER  PRESSURE  VS.  TIME 
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FIGURE  2h  ■  ASD  NOZZLE  532  -  CHAMBER  PRESSURE  VS 


FIGURE  25.  ASD  NOZZLE  533  -  CHAMBER  PRESSURE  VS 
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FIGIHE  26.  ASD  NOZZLE  5  34  -  CHAMBER  PRESSURE  VS.  TIME 
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FIGURE  28.  ASD  NOZZLE  537  -  CHAMBER  PRESSURE  VS.  TIME 
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FIGURE  30.  ASD  NOZZLE  539  -  CHAMBER  PRESSURE  VS 
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FIGURE  32.  ASD  NOZZLE  342  -  CHAMBER  FRESSURE  VS 
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FIGURE  33.  ASD  NOZZLE  543  -  CHAMBER  PRESSURE  VS.  TIME 
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FIGURE  36.  ASD  NOZZLE  546  -  CHAMBER  PRESSURE  VS 
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FIGURE  37.  ASD  NOZZLE  547  -  CHAMBER  PRESSURE  VS.  TIME 
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SOLID  PROPELLANT  SIMULATOR 


POLYBENZIMIDAZOLE  PHOSPHONITRILIC  EPOXYNOVOLAC 
RESIN:  (IMIDITE  2803)  (PH  990)  (DEN  438)  PROPANE 

PHENOLFORMALDEHYDE 
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SOLID  PROPELLANT  SIMUIATOR 


FIGURE  40.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  44.  FROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  45.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  47.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGP^HS 
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FIGURE  49.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  51.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  52.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  58.  TEST-TO-TEST  PROPELLANT  FLOWRAfE  VARIATION  FROM  NOMINAL  CONDITION 
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FIGURE  78.  NOZZLE  ASD  Sfe 1 ;  CHAMBER  PRESSURE  VtRSIS  I IMF 
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POLYPHENYLENE  PHENOLFORMALDHYDE  ( IMIDITE  2803) 


FIGURE  85  EROSION  RATE  COMPARISON,  TEST  SERIES  5,  LIQUID  PROPELLANT 
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FIGURE  89.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  91.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  94.  PROFILE  AND  AXIAL  NOZZLE  PHOTOGRAPHS 
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FIGURE  96.  TEST  TO  TEST  PROPELLANT  FLOWRATE  VARIATION  FROM  NOMINAL  CONDITION 
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FIGURE  97.  ASD  NOZZLE  409  -  CHAMBER  PRESSURE  VS 


APPENDIX 


HEAT  TRANSFER  STUDY 


Determination  of  the  Heat  Tranefer  to  the  Throat  of 
a  Rocket  Motor  Using  a  Simula  lad  Aluminized  Solid 
Propellant  and  N2O4/5O  percent  ffydrazine  -  50  percent 
UDMH-O/F  -  1.6  Liquid  Propellant. 


I.  INTRODUCTION 

Heat  transfer  calculations  have  been  performed  to  determine  the  throat 
heat  flux  in  the  rocket  motor  firings  of  Reference  1.  These  calculations 
were  made  using  heat  transfer  analyses  derived  for  smooth  walled  rocket 
motors.  The  results  of  these  calculations  will  provide  an  estimation  as 
to  the  actual  heat  flux  existing  in  throat  regions  if  the  boundary  layer 
mass  addition  rate  can  be  specified.  A  discussion  of  the  heat  transfer 
analyses  and  results  is  presented  below. 

II.  NOZZLE  GEOMETRY 

The  nozzle  geometry  that  war  used  in  the  heat  transfer  analyses  is  shown 
in  Figure  98.  This  geometry  is  typical  of  nozzles  used  in  Reference  1.  A 
throat  radius  of  curvature  of  0.38  inch  and  throat  diameter  of  0.50  inch 
were  used  in  the  calculations. 

III.  NO-BLOWING  CONVECTIVE  HEAT  TRANSFER  COEFFICIENT 
a.  Simulation  of  Aluminized  Solid  Propellant 


The  throat  convective  heat  transfer  coefficient  for  the  nozzle  of  Figure  98 
using  an  aluminized  solid  propellant  per  Reference  3.  was  determined  using 
a  modified  form  of  the  equation  derived  by  Bartz  (Reference  2).  The  equa¬ 
tion  derived  by  Bartz  for  rocket  nozzle  application  can  be  written  as: 
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i 

I 

s 


where 

h  ie  the  'no- blowing/  smooth  wall  convective  heat  transfer  coefficient 
(Btu/ in^sec°F) 

Dj.  is  the  throat  diameter  (inches) 

jl  is  the  viscosity  of  the  gas  phase  of  the  combustion  products  (Ib/in. sec) 

C  is  the  specific  heat  of  the  combustion  products  at  constant  pressure 

p  (Btu/lb°F) 

P  is  the  Prandtl  number 

r 

P£  is  the  chamber  pressure  (psia) 

r  is  the  throat  radius  of  curvature  (inches) 

c 

C  is  the  characteristic  velocity  (ft/sec) 

g  =32.2  ft/sec.^ 

At 

~  is  the  area  ratio  at  the  point  in  question 
and 


(7 


where 


(2) 


a  is  the  gas  phase  ratio  of  specific  heats 
Tr  is  the  recovery  temperature  (°R) 
is  the  wall  temperature  (°R) 
w  w  0.6 

The  expressions  used  in  evaluating  /i  and  P^  in  Equation  (1)  as  specified 
by  Reference  2  are 


|i  -  46.6  x  10"10  (mw)1/2  (Tr)°*6  (lb/ in.  sec)  (3) 

P  - 

r  90-5  (4) 

The  above  method  of  evaluating  the  convective  heat  transfer  coefficient 
for  metalized  propellants  was  employed  in  References  3,  4,  and  5  and  the 
theoretical  thermal  response  compared  very  well  with  the  experimental 
thermal  data  if  the  specific  heat  in  Equation  (1)  was  defined  as: 


C 

P 


rec 


-  H  .. 
wall 

T 

wall 


where 


(5) 


Krec  is  the  combustion  products  recovery  enthalpy 

H  is  the  enthalpy  of  the  combustion  products  at  the  wall  temperature 

wall 


The  specific  heat  at  constant  pressure  as  defined  by  Equation  (5)  represents 
the  boundary  layer  average  specific  heat.  This  specific  heat  together  with 
the  chemical  recovery  temperature  (defined  below)  are  determined  by  per- 
forning  a  thermochemical  analysis  on  the  propellant  formulation.  Basically, 
thiv'  analysis  assumes  chemical  equilibrium  and  uses  the  minimum  free  energy 
principle  to  determine  the  thermodynamic  properties  of  the  combustion 
products.  To  predict  the  specific  heat  and  chemical  recovery  temperature 
at  a  lozzle  throat  the  thermochemical  analysis  is  applied  (using  the  element 
weight  fractions  of  the  propellant)  at  (1)  the  nozzle  chamber  pressure  and 
(2)  the  throat  static  pressure.  Using  the  chamber  thermodynamic  properties 
and  assuming  isentropic  nozzle  flow,  the  throat  stagnation  enthalpy  and 
static  pressure  are  determined,  i.e., 

(“stagnation)  chamber-  =  (“stagnation) 

thri — c 
P* 

^stagnation 

where  r.  ir  the  equilibrium  specific  heat  ratro  determmeo  from  the  chamber 
thermochemical  calculation. 
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Using  the  throat  static  pressure  and  the  element  weight  fractions  of  the 
propellant  a  number  of  thermochemical  calculations  are  made  (assuming 
chemical  equilibrium)  at  prescribed  temperature  levels  to  determine  the 
combustion  products'  enthalpy  versus  temperature.  The  chemical  recovery 
temperature  at  the  throat  is  found  at  the  temperature  corresponding  to  the 
stagnation  enthalpy.  The  enthalpy  versus  temperature  results  and  recovery 
temperature  are  then  used  in  Equation  (5)  to  determine  the  boundary  layer 
specific  heat, 

A  plot  of  enthalpy  versus  temperature  at  the  throat  is  shown  in  Figure  99 
for  the  solid  propellant.  The  step  in  enthalpy  at  2330°K  is  produced  by 
the  solidification  of  A^O^.  The  chemical  recovery  temperature  is  found 
to  be  6090°R.  Figure  100  is  a  plot  of  the  boundary  layer  average  specific 
heat  at, constant  pressure  as  determined  from  Figure  99.  The  step  in  specific 
heat  and  enthalpy  corresponding  to  the  solidification  of  AI2O3  is  unlikely; 
since  specie  diffusion  and  nonequilibrium  chemistry  will  cause  the  solidi¬ 
fication  of  AI2O3  to  occur  over  a  wide  temperature.  Therefore,  the  specific 
heat  was  assumed  to  vary  with  temperature  as  shown  in  Figure  100. 

The  total  recovery  temperature  for  turbulent  flow  may  be  expressed  as 
(Reference  6) : 


C  (T  -T  =  H  -  H  -  ~r  /  1  -  \/T  | 
p  cr  r  cr  r  2gJ  I  V  r  J 

where 

T  is  the  chemical  recovery  temperature 

T^,  is  the  total  recovery  temperature 
r 

V  is  the  local  velocity  (sonic  velocity  in  this  case) 

P  is  the  Prandtl  number, 

r 

Table  I  presents  the  properties  used  in  Equations  (1),  (2),  (3),  and  (4) 
to  compute  the  throat  convective  heat  transfer  coefficient  for  the  solid 
propellant.  The  results  of  these  computations  are  shown  in  Figure  101  as 
throat  convective  heat  transfer  coefficient  versus  wall  temperature.  These 
results  are  applicable  at  the  chamber  pressure  of  500  psia  and  a  no-blowing  - 
smooth  walled  nozzle  contour.  The  effects  of  chamber  pressure  and  blowing 
on  the  results  of  Figure  101  are  discussed  in  paragraphs  IV  and  V,  respectively. 
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TABLE  I 


SOLID  PROPELLANT  PROPERTIES 

USED  IN  CONVECTIVE 

HEAT  TRANSFER  CALCULATIONS 

Property 

Value 

Dt 

0.50  inches 

r 

0.38  inches 

c 

T 

6090  R 

r 

y 

1.192 

p 

c 

500  psia 

M 

20.4 

w 

C 

P 

Figure  3 

The  throat  radiative  heat  flux  was  found  to  be  negligible  with  respect  to 
the  convective.  For  example,  from  Reference  7  the  alumina  cloud  emissivity 
at  300  psia  and  a  throat  diameter  of  0.50  inches  is  approximately  0.1.  The 
cold  wall  radiative  heat  flux  is  then  approximately  0.3  Btu/sec  in^ 

(qrad'v' ecfT^) .  The  convective  heat  flux  for  a  wall  temperature  of  900°R 
is  calculated,  using  Figure  101  and  a  total  recovery  temperature  of  6070°R, 
to  be  31  Btu/in^sec. 

b.  N2O4/5070  Hydrazine  -  50%  UDMH  -  0/F  =  1.6  Liquid  Propellant 


In  determining  the  throat  convective  heat  transfer  coefficient  for  the 
liquid  propellant  rocket  motor  of  Reference  1  use  was  made  of  the  experi¬ 
mental  data  presented  in  Reference  8.  The  test  conditions  and  rocket  motor 
parameters  reported  by  JPL  (Reference  8)  and  Reference  1  are  listed  in 
Table  II. 


TABLE  II 

TEST  CONDITIONS  AND  ROCKET  MOTOR  PARAMETERS  OF 
REFERENCES  8  AND  1 


Definition  of  Condition 

Or  Parameter 

JPL  (Reference  8) 

Reference  1 

Propellant 

N2O4  -  Hydrazine 

N2O4  -  Hydrazine 

Chamber  Pressure  (PSIA) 

301 

300 

Stagnation  Temperature  (°R) 

4645 

5760 
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TABLE  II  (Continued) 


Definition  of  Condition 

Or  Parameter 

JPL  (Reference  8) 

Reference  1 

C*  (ft/sec) 

5398 

5627 

Throat  Diameter  (inches) 

3.2 

0.50 

Throat  Radius  of  Curvature  (inches) 

3.2 

0.38 

Wall  Temperature  (°R) 

~900 

Not  specified 

Throat  Heat  Flux  (Btu/in  sec/ 

10.0 

To  be  determined 

Using  the  experimental  data  of  JPL  and  Equation  (1),  the  throat  convective 
heat  transfer  coefficient  of  Reference  1  can  be  determined  for  a  wall 
temperature  of  900°R.  That  is, 


Equation  (6)  assumes  that  a  =  ffjpL»  Pr  =  ^rjpL»  ~  ^JPL  an<*  CP  =  CPJPL’ 
The  validity  of  these  assumptions  is  unknown  as  Reference  8  does  not  specify 
the  0/F  mixture  used  in  the  test.  However,  the  difference  in  convective 
heat  transfer  produced  by  the  a,  Pr>  Mw  and  Cp  dependency  on  0/F  is  negligi¬ 
ble  compared  to  errors  resulting  from  strictly  theoretical  convective 
calculations. 

From  Equation  (6)  and  Table  II  the  throat  convective  heat  transfer  coeffi¬ 
cient  at  a  wall  temperature  of  900°R  calculates  to  be  0.00390  Btu/in^sec°F. 
The  dependency  of  the  coefficient  on  wall  temperature  was  determined  using 
Equation  (2),  the  specific  heat  presented  in  Figure  102  “'ll  =  1.225,  and 


"@Tw  =  900°R  (aV@Tw  -  900°R 

The  specific  heat  (Figure  102)  and  specific/heat  ratio  ("$  were  obtained  from 
Reference  9.  The  procedure  used  in  Reference  9  in  determining  the  specific 
heat  w»?  discussed  in  Paragraph  IIs. 
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The  throat  convective  heat  transfer  for  the  ^04-/50%  Hydrazine  -  50%  UDMH  - 
0/F  ■  1.6  propellant  and  rocket  motor  conditions  of  Reference  1  are  shown  in 
Figure  103.  The  coefficients  are  applicable  at  a  chamber  pressure  of  300  psia 
and  a  no-blowing-smooth  walled  nozzle  contour.  The  total  recovery  tempera¬ 
ture  is  calculated  to  be  5650°R.  The  convective  heat  flux  for  a  wall 
temperature  of  900°R  is  19.6  Btu/in.2  sec  using  Figure  103  and  Tr  *  5650°R. 

IV.  CONVECTIVE  HEAT  TRANSFER  DEPENDENCE  ON  CHAMBER  PRESSURE 

The  effect  of  chamber  pressure  on  the  throat  heat  transfer  coefficient  was 
determined  using  Equation  (1)  and  assuming  that  wall  roughness  and  propel¬ 
lant  mass  flow  remain  constant.  From  Equation  (1) 


(7) 


Assuming  constant  mass  flow  and  ratio  of  specific  heats  (7): 


Inserting  Equation  (8)  into  (7),  the  heat  transfer  coefficient  at  Pc  =  I  is 
related  to  Pc  =  0  by: 


The  effect  of  Cp  on  chamber  pressure  was  found  from  Reference  9  and 
Figure  99  for  the  liquid  and  solid  propellant,  respectively.  Equation  9  is 
plotted  in  Figure  104  for  the  two  propellants.  The  reference  heat  transfer 
coefficient  (hQ)  for  the  solid  and  liquid  propellants  are  shown  in  Figure  101 
and  103,  respectively. 

V.  CONVECTIVE  HEAT  TRANSFER  DEPENDENCE  ON  BOUNDARY  LAYER  INJECTION  (BLOWING) 

To  determine  the  effect  of  boundary  layer  mass  injection  on  the  no-blowing 
heat  transfer  coefficients  of  Figure  101  and  103,  it  is  suggested  that  the 
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analysis  presented  in  Reference  5  be  used.  From  Reference  5,  the  convective 
heat  transfer  coefficient  with  blowing  can  be  expressed  as: 


where: 

C  is  the  specific  heat 
P 

Cp  is  the  skin  friction  at  the  wall 

and  the  subscripts  are 
B  for  blowing 
B  =  0  for  no  blowing 
m  for  mixture 

The  ratio  Cf/C  is  determined  from  the  expressions  derived  in  Reference  10 
£  CB=0 

=  1.0  -  0.335  (B.)0,414  for  0  <  B.  <  5 


for  5  <  BL  <  100 


W®  is  the  injectant  mass  flow,  and  PeUe  is  the  mass  flow  at  the  outer 
edge  of  the  boundary  layer. 

The  specific  heat  with  no  blowing  (Cp  )  is  found  from  Equation  (5) . 

B=0 

However,  the  specific  heat  with  blowing  (mixture  specific  heat)  is  difficult 
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to  obtain  due  to  specie  diffusion  in  the  boundary  layer.  However,  one  approxi¬ 
mate  way  as  suggested  in  Reference  5  is  to  define  Cp  for  the  injectant  - 
min  stream  mixture  as  m 


=Pm  -  Ce  V  +  1 

m  e  \ 


where  Cp  and  Cp  are  the  specific  heat  of  the  free  stream  and  coolant, 
*e  *c  . 

respectively,  and  C*  is  a  proper  reference  composition.  For  laminar  flow 
and  low  blowing  rates.  Reference  5  states  that: 


If  It  is  assumed  that  the  reference  point  is  at  the  ou  ^r  edge  of  the 
laminar  sublayer  of  the  turbulent  boundary  layer  then  Equation  (11)  may  be 


applicable  to  turbulent  flow. 


of  Equation  (11)  is: 


C  - 


Bf  HOi/fi' 


where 


WSt>B 


(St)_  is  the  blowing  Stanton  number. 
a 

Use  of  Equation  (12)  requires  that  Le  and  Pr  =  1.  The  reference  viscosity 
( yi *)  in  Equation  (12)  is  determined  from: 


where  the  subscript  r  denotes  recovery. 
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VI.  SUMMARY 

The  throat  convective  heat  transfer  coefficients  for  the  simulated  solid 
propellant  at  Pc  =  500  psia  and  N2O4/507.  Hydrazine  -  50%  UEMH  -  0/F  =  1.6 
liquid  propellant  at  Pc  =  300  psia  are  shown  in  Figures  101  and  103,  respectively. 
These  coefficients  were  calculated  assuming  a  no  blowing  -  smooth  wall 
nozzle  contour  and  using  the  test  conditions  presented  in  Reference  1.  The 
calculations  performed  on  the  solid  propellant  employed  the  Bartz  Equation 
(Reference  2);  whereas,  the  liquid  calculation  used  actual  N2O4  -  Hydrazine 
firing  data  (Reference  2)  and  the  Bartz  Equation  to  extrapolate  to  the 
desired  test  conditions.  Chem  cal  equilibrium  was  assumed  for  both 
propellants . 

The  effect  of  chamber  pressure  on  the  above  convective  heat  transfer 
coefficients  is  presented  in  Figure  104.  Figure  104  was  constructed  using  the 
Bartz  Equation  and  assuming  chemical  equilibrium. 

An  analysis  is  presented  in  Paragraph  V  to  estimate  the  reduction  in 
convective  heat  transfer  that  iesults  from  boundary  layer  mass  injection 
(blowing).  The  analysis  was  obtained  from  Reference  5  and  assumes  unity 
Le  and  Pr.  The  effect  of  blowing  on  recovery  temperature  is  neglected 
due  to  small  throat  velocities. 

The  effect  of  deposition,  condensed  phases  of  combustion  product  adhering 
to  nozzle  surface,  on  throat  heat  transfer  is  important  for  aluminized 
propellants  if  nozzle  surface  temperature  is  for  any  significant  time 
below  the  melting  point  of  A^Og.  Since  ablators  are  employed  as  the 
flamefrortt  material  in  the  firings  of  Reference  1,  the  surface  temperature 
will  be  high  enough  such  that  deposition  can  be  neglected.  However, 
phenomena  effecting  throat  heat  transfer  that  could  not  be  included  in  the 
above  analyses  consist  of  (1)  variable  surface  roughness  and  (2)  irregular 
changes  in  nozzle  contour.  These  phenomena  are  dependent  on  local  chemical 
corrosion,  sublimation,  spallation,  chunking,  and  mechanical  erosion  (wall 
shear)  and  may  significantly  increase  wall  heat  flux.  Therefore,  care 
must  be  used  in  applying  the  above  results  to  motor  firings  that  have 
experienced  either  irregular  surface  regression  or  high  surface  regression 
rates  in  the  throat  and  entrance  sections  of  the  nozzle. 

The  results  obtained  from  the  analyses  performed  in  this  section  are 
summarized  in  Table  III. 


I 


I 
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TABLE  III 


RESULTS  OF  HEAT  TRANSFER  ANALYSES  PERFORMED 
ON  THE  ROCKET  MOTORS  OF  REFERENCE  1 


Parameter 

Chemical  Recovery 
Temperature  at 
Throat  -  °R 

Total  Recovery 
Temper ature  at 
Throat  -  °R 

Convective  Heat  Transfer 
Coefficient  at  Throat  (No 
blowing)  -  Btu/in.2sec°F 

Convective  Heat  Transfer 
Dependence  on  Chamber 
Pressure 

Cold  Wall  Convective 
Heat  Flux  at  Throat  (no 
blowing.  Wall  Temperature  = 
900°R)  -  Btu/in.2sec 

Maximum  Radiative  Heat  Flux 
at  Throat  from  Combustion 
Products  -  Btu/in.2sec 


Simulated 
Solid  Propellant 

6090 


N2O4/ 50%  Hydrazine- 
50%  UEMH  -  O/F  =1.6 

5760 


6070 


5750 


See  Figure  101 

(P  =  500  psia) 
c 

See  Figure  104 


See  Figure  103 
(P£  =  300  psia) 

See  Figure  104 


31.2 


19.6 


0.3 


0.02 


FIGURE  98  •  NOZZLE  GEOMETRY  USED  IN  HEAT  TRANSFER  CALCULATIONS 


0.0 


200  PSIA. 


No0  / 507.  HYDRAZINE  -  507.  UDMH 

Z  H 

(hQ  IN  FIGURE  103)  ’ 


FIGURE  104.  NO  BLOWING  CONVECTIVE  HEAT  TRANSFER  COEFFICIENT 
DEPENDENCE  ON  CHAMBER  PRESSURE 
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